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SYNOPSIS.
After a brief review of previous work, and of the nat­
ure of the materials involved, the principles are discussed 
of the method of welding adopted. This is followed by a des­
cription of the apparatus and experimental procedure, and their 
development.
The preliminary experimental work has been regarded partly 
as apparatus proving trials, and partly as a method of observing 
the behaviour of the materials under the conditions prevailing 
and likely to prevail in the apparatus. Having obtained this 
information, the systems considered are dealt with one by one 
as discreet sections. Each has an introduction, metallographic 
and discussion sections, but an overall discussion will be found 
in Chapter XVI.
The work shows that in welding the dissimilar rare metals, 
the nature of the fusion zone is largely dependent on the rate 
of dissolution of the higher melting point metal, though other 
factors modify the rate. These factors are compound formation,
surface tension of the fluid alloys, and, initially, the heat 
abstraction tendencies of the parent metals. The shape of the 
fusion zone contours and the mechanism of their formation are 
considered in detail, and explanations given for the manner in 
which they move.
Appendices have been added which deal with the estimation 
of fusion zone compositions and temperature measurement at the 
weld interface.
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FOREWORD.
In 1950? only twelve years ago, the main problem of 
the period was one of materials availability. For critical 
requirements, relatively few materials were known to be of 
immediate use and the heavy demand for these led to the 
quest for substitutes with properties equal to and probably 
better than those already known. Some of these substitutes 
were the so-called rare and refractory metals. Whilst many 
of these materials were well known before that time, their 
full potential was not developed until the need arose. 
Consequently, with the introduction of new and more critical 
nuclear applications, the requirements of high speed aircraft 
and missiles, and the realisation that supplies of Nickel were 
limiting to the use of high strength steels, attention was 
turned onto that particular group of materials the refractory 
metals, with which we are familiar today.
Titanium was thought to be the answer at first, but the 
conditions under which new materials were required to operate 
ruled against it, as they did against steel and the Nickel and 
Cobalt alloys.
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Thus, development and research programmes oh refractory 
metals and ceramics have led to a vast increase in the know­
ledge and potentialities of these materials, particularly 
with respect to their strengths at high temperatures. Perhaps 
most important of all are the joining properties of the metals 
to themselves, to each other, and to ceramics. At present their 
hehaviour is relatively unknown as are the mechanical proper­
ties of such joints. For many years, until comparatively
recently, the joining of any metals was just an art, hut this
(l)is no longer good enough. It has been said thatv 7 Mto a large 
extent, the question of joining has been left to people who 
do not understand much about materials, even to the mechanic 
in the shop. This problem can no longer be treated in that 
fashion, 11 How truej The joining of metals must become a 
precise science if any real progress is to be made. Great strides 
have been taken in this direction during the last five years, 
but there is still a long way to go, especially in overcoming 
out-of-date techniques and prejudices.
For these reasons, many scientific engineering disciplines 
must combine their knowledge and resources, more especially 
metallurgists, who are required nowadays to have an ever 
widening field of experience. It has also been said^^ that 
"if metallurgists do not learn the language of the other dis-
ciplines they may not learn how to use materials and also 
how to develop and improve materials,M
These remarks apply particularly to those metallurgists 
primarily concerned with joining metals. Fabrication of 
components and structures whose service environments lie in 
extremes of temperature and stress, demands welding of possibly 
nothing less than 100$ join.t efficiency. The metallurgical 
effects of welding refractory metals were not known in many 
cases, and on investigation, were found to be sadly lacking 
in many requirements. For this reason, some materials, in 
particular Titanium and its age hardenable alloys, have only 
limited applications now. But much information still has to 
be gathered on all refractory metals, not only on welding 
behaviour but also on compatibility, corrosion resistance, 
and mechanical properties.
With some of these items in mind the present invest­
igation was initiated in September, 1957} with the prime 
object of studying the welding behaviour of dissimilar couples 
from the group Niobium, Tantalum, Vanadium, Zirconium, Moly­
bdenum, and Nickel, This presented an immense field of study, 
and immediately it was considered necessary and desirable to
concentrate on one principal aspect, namely metallurgical 
considerations, because this was the direction in which most 
information appeared to be lacking at the time.
Interesting lines of study which were available were the 
achievement of grain refinement in welds, and the study of 
stress cracking from restraint. It was felt, however, that 
both these points could not be investigated adequately unless 
some knowledge was obtained of the behaviour of the materials 
under controlled conditions of welding.
The choice of the study of the welding of dissimilar 
metals led to some interesting results which should provide 
useful data for future research programmes connected vd.th 
these materials.
The work was supported by the United Kingdom Atomic 
Energy Authority and by the British Oxygen Company Limited 
with a British Oxygen Research Fellowship,
The principal reason for the choice of metals such .as 
Niobium, Vanadium, etc., was due to the interest of the 
U.K.A.E,A. in their use in connection with fuel element can—
ning, and particularly in their behaviour under certain con­
ditions of fabrication. The information obtained would be 
of considerable assistance in the design of joints and the 
conditions necessary for the production of sound welds, as 
well as providing knowledge of the structures of the welds.
The structure of a weld necessarily is the factor which de­
termines most of its other properties, and is therefore the 
main reason for the concentration on this aspect in the 
present work.
It was not known when dissimilar metals were welded under 
given conditions what alloy or series of alloys would result 
nor how the base metals would be affected. On these points 
and on others, it is hoped that some light has been shed, and 
some contribution made towards a better understanding of the 
materials involved.
Reference.
(l) Harris, W.J., nA Critical Comparison of Columbium with 
Other Materials for Missile, Aircraft, and Nuclear Applications. 
Intro. ,"Columbium Metallurgy". Book, Met. Soc. A.I.M.E., ~
Vol.10, 1961, Interscience Publishers.
All the Binary Constitutional Diagrams appearing in this 
work are based on those published in "The Constitution of Bin­
ary Alloys", Max Hansen, McGraw-Hill Book Co., Inc., New York, 
1958.
The hardness values quoted refer to the Vickers Pyramid 
Numeral scale (V.P.N.).
In discussion on free energy, European convention has been 
followed* Thus, for instance, the term "high free energy of 
formation" implies a high NEGATIVE value of free energy of form­
ation for a given stable material*
CHAPTER I.
GENERAL REVIEW.
Since the end of World War II, the importance of the
so-called rare and refractory metals (mostly those of groups
IV, V, and VI in the periodic classification) has increased
1 2  3immensely, especially in the fields of Nuclear Power 9 9 , high 
speed aircraft and missiles. This has meant that the necessity 
of joining them "by various processes, including welding, has 
also become a pressing need. But the rigid conditions and spec­
ifications laid down with regard to the subsequent properties of 
the welds has led to the considerable research effort of recent 
years. The principal requirements for welds in these materials 
were that they should be ductile and of metallographically sound 
structure, and have corrosion resistance as good as the parent 
metal, not to mention strength at elevated temperatures*
Owing to the high reactivity of the rare metals Tantalum, 
Niobium, Molybdenum, Zirconium, and Vanadium with oxygen, nit­
rogen, and hydrogen, it is necessary for them to be welded by
16
methods which do not allow these gases to come into contact with 
the hot zones of the weld. If they do, then they will "be dissolv­
ed to a considerable extent with consequent serious deleterious
effects on the mechanical properties of the joint, Ample data is 
A R f)
available on the effects of oxygen, nitrogen, and hydrogen
on the properties and structure of this group of metals, and their 
alloys, and especially on Niobium, which until the keen interest 
shown in Beryllium, was the subject of considerable attention.
Therefore, the methods of welding employed generally adopt 
some form of atmosphere control in order to limit or eliminate
7
gas-metal reactions. In a review of the methods applicable, Cox 
has outlined the techniques which have been developed using con­
ventional argon-arc equipment. In particular, it is necessary to 
supply the shielding gas to the reverse side of the work, as well 
as to the face. This can be done by passing the argon along a 
groove cut into the backing plate. For long runs, it may be nec­
essary to conduct the gas through a series of ports in the groove 
to ensure complete coverage. In addition to these precautions, 
a trailing shield behind the welding torch protects the bead whilst 
it cools after the main shield has passed.
Provided these precautions are taken, all the materials can
17
*be v/elded readily, though in the case of Molybdenum, the brittle- 
ductile transition at about 200°C gives a brittle joint, and it is 
inclined to show porosity and large grain-size.
Cox carried out work involving both direct and alternating
8 9
current• For instance, in Zirconium sheet 0*030” in thickness 9 , 
weld zone material was much harder after A*C. welding than after 
D.C. welding# Since higher currents are required for full penetrat­
ion with A.C., a wider bead results# This was said to account for 
higher hardness through less efficient protection# With higher 
melting point metals, such as Niobium and Tantalum, B.C. is better 
since A*C. would involve much higher currents and consequently 
greater contamination risks# Cox judged weld quality by hardness 
traverse measurements# Zirconium gave a decrease in hardness in 
the fusion zone as did Tantalum and Niobium# On annealing, the 
hardness of Zirconium parent plate decreased and of’ the fusion 
zone increased slightly. But in the cases of Tantalum and Niobium, 
considerable fusion zone hardness increases occurred on annealing 
due to diffusion of oxygen into the fusion zone material from the 
surface.
The use of filler wire was not recommended because of the 
risk of further contamination, and in any case, if possible, only
18
one pass should "be made.
Controlled atmosphere boxes and chambers which can be evac­
uated” and refilled with inert gas, have much to recommend their
use for welding reactive metals by arc processes. Many of these
7 10
chambers have been used on a production scale 9 as well as on 
a laboratory scale, and the appearance and general soundness of 
welds made in them is good. Because of the close control available 
this is a popular method, but somewhat limits component size in 
production. As a research method, however* it is probably the 
most useful„
Other methods of welding the refractory metals can be sue- _
cessfully applied. These include resistance welding, both spot
11 12 12and seam ’ , and submerged arc welding . Resistance welding is
generally reserved for sheet of thickness 0 .012" or less for dis- 
tortional reasons. It is possible to weld sheet 0.012" thick with 
a specially smoothed current supply. Spot welding can be carried 
out in air provided that the time of welding is only one or two 
cycles. But seam welding is preferably carried out under water, 
which does not protect the weld from contamination, but does re­
move heat as quickly as possible and thus limit the time for which 
the metal is likely to pick up contaminants.
19
The submerged, arc process is carried out by submerging the 
work in carbon tetrachloride and using a carbon electrode, fusing 
the parts to be joined by the arc struck /between work and electrode. 
This method has been used for some time for welding Tantalum 
successfully. Small quantities of carbon are picked up, but they 
do not materially affect performance of the subsequent joint#
Other processes have been reported to be successful when
applied to refractory metals. Percussion welding was used by 
13Heuschkel to join small cross-section Molybdenum specimens, but
no mechanical properties were reported# The same investigator
carried out early work 011 the flash-butt welding of Molybdenum,
14but more recently, Hippes and Chang have been able to produce
ductile welds in commercial as cast Molybdenum by critical control
and adjustment of the parameters upset time, distance, and platen
speeds# A good deal of work on Molybdenum welding processes has
been carried out by Moss, both in the early stages and latterly,
but unfortunately this is unpublished# However, he is of the
opinion that Molybdenum provides a most fruitful field at present1 .^
The pressure welding of Molybdenum has been investigated by Moss 
17and by Hughes # The material was heated electrically and the re­
lationship between temperature and pressure established# Atmos­
pheres used were hydrogen and argon, and ductile welds were produc­
2 0
ed» In some instances metallic foil inserts were used to promote 
weldability, though little detail is available on this point.
Much work has been carried out with respect to the welding 
processes which are most readily applicable or adaptable for use 
with these special materials. A reasonable amount of investigat­
ion has been devoted to the properties and structures of the re­
sultant w£lds, but the same cannot be said for the welding of dis­
similar metals of the group. Very little has been published on 
this aspect, and in most cases the work was of an ad hoc nature, 
for which reasons this rendered the present work the more interest­
ing.
For some considerable time the welding of various ferrous
materials to others of different composition has been achieved
successfully Austenitic stainless steels to mild steel, ferritic
stainless to mild steeh, and different alloy steels to each other
are just some of the types of couples joined. In the non-ferrous
field, monels, inconel, and nimonic-type alloys, as well as al-
l8uminium based alloys are some examples. Whilst much data regard­
ing filler material, welding conditions, and plate preparation are 
available in many excellent proprietory publications, the work
^ m rt
gives the impression of having been a case of trial and error , 
on the results of which that data has been based. Very little work,
21
if any, has heen carried out on welding dissimilar pure metals, 
except perhaps in the sense that often clad materials would come 
into this category. The welding of steel clad with stainless 
steel1 ,^ nickel and nickel alloys, or evenHurals clad with pure 
aluminium presents problems similar to those encountered in normal 
dissimilar metal welding.'
As far as pure refractory metals are concerned, many authors
merely mention that two given dissimilar metals are readily welded 
20
to each other , and little detail of structure or conditions are
given. But others did draw attention to the structures of the
fusion zone with remarks on the properties and welding techniques
21
adopted. Theilacker et al. reported that Zirconium welded 
easily to Hafnium, producing a ductile phase, highly reactive at 
elevated temperatures. It had low thermal expansion characterist- 
ics, and fusion welds showed little change in mechanical properties 
compared to the parent plate. However, small pores occurred at the 
liquid-solid interface apparently due to volatile impurities in the 
sponge base alloys. It was also noted that high welding currents 
were required compared with other metals, especially if the weld 
was carried out in vacuo* A unique shape to the fusion zone - 
heat affected zone interface was observed and accounted for, rather 
inadequately, by volumetric specific heat, conductivity, and melt­
22
ing point differences. It was also noted that the fusion zone 
piled up at the Hafnium side of the weld during the process. Ho 
account of structure and property relationships was given. Thus 
it became a purpose of the present work to investigate as fully as 
possible the nature of the fusion zone and the extent of its de­
pendence on the properties of the metals joined, as well as the 
mechanism of its formation.
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CHATTER II.
i
A GENERAL CONSHERATION OF THE METALS CONCERNED*
THEIR NATURE AND PROPERTIES.
Introduction,
There are many good hooks available today which give excel­
lent accounts of the extraction, fabrication, properties, and uses 
of the reactive metals and others considered in this work. It is 
not proposed, therefore, to give any detailed description of these 
aspects, but instead, a short general survey of each material will 
be given, restricted to relevent matterc At the end of the Chapter 
will be found Tables of the more important physical properties, 
and the chemical analyses, of the metals involved#
Most of the refractory metals, including those considered 
here, have attractive properties from the point of view of their 
use>in critical temperature, stress, and corrosion conditions. 
Resistance to oxidation at normal and slightly elevated temperatures 
is good. Mechanical properties are available which are very comp­
etitive in terms of strength to weight ratio, 'when compared with
other materials. The main interest lies in strength at elevated
temperatures, and here again, very favourable results have been
obtained. The general corrosion resistance is good in all cases,
whilst low neutron capture crcss-section makes these metals a;
general consideration for use as fuel element canning materials'^.
Again, this property varies from metal to metal $ but the lowest
capture characteristic may not be accompanied by the correct mech—
2anical properties, especially when compatibility with cooling 
media, fuel element, and resistance to dimensional change with 
thermal cycling, are required.
Each of the refractory metals have been considered in turn 
for various applications and inevitably a compromise has been 
established whereby the metal is chosen which has an optimum set 
of properties suitable for the application for which it is required. 
In the atomic energy field, Niobium and its alloys, and Zirconium 
and its alloys, have been held in favour<> In the aircraft indus­
try, th© development of super-high speed machines, and of rockets, 
where the main necessity is temperature and oxidation resistance 
coupled with maintainance of strength, Titanium and Molybdenum and 
their alloys have been considered. Here, again, though, Niobium 
has had some attraction, but in all cases, some reservation must 
be made in connection with the capabilities of any of these mater-
27
ials as the conditions of temperature and stress under which they 
are expected to operate successfully are increased further*
In many instances, alloys of the refractory metals have
properties which are found suitable for specific applications.
Zircalloy-2 is one such, and the welding of these alloys has been
3 3athoroughly investigated 9 • The nimonio alloys are another group
which have special interest, in turbine applications for instance, 
and their welding behaviour presents particular problems, especially 
if it is desired to weld them to a dissimilar metal or alloy^-.
However, the concern at present lies with the pure metals 
Tantalum, Niobium, Zirconium, Molybdenum, Vanadium, Nickel, and 
Copper. Copper cannot be described as a refractory metal, but it 
was included because of its association with Nickel, with which it 
forms a system having a characteristic solid solution alloy series. 
In any case, Copper and Nickel are familiar enough not to warrant 
further consideration here, but their properties appear in the 
Tables at the end of the Chapter.
*5 6 Tantalum. 5
Tantalum has a body centred cubic structure, and is highly 
reactive at elevated temperatures, even well below its melting 
point, except with Group 0 elements in the Periodic Classification.
The metal has a high resistance to most acids, including 
concentrated hydrochloric and sulphuric acids. It can he used 
as a getter and as an electrode material.
Since Tantalum is acid resistant, etching becomes a difficulty. 
Ammonium fluoride in dilute hydrofluoric acid can be used, or nitric, 
sulphuric and HF acid mixtures. Hydrofluoric acid alone leads to 
heavy pitting. Many additions to HF have been tried, amongst ?/hich 
have been hydrochloric, nitric, oxalic, and tartaric acids, and 
potassium fluoride.
Other etchants tried have been solutions of potassium carbon­
ate, concentrated and dilute potassium hydroxide, and potassium 
fluoride with tartaric and oxalic acid additions. A successful 
etch was found to be cold concentrated nitric acid with 5$ of 
HF added.
8
Tantalum welds require full-inert gas shielding. They in­
crease in hardness on annealing due to diffusion of oxide from the 
surface film into,the body of the metal. Annealing is normally 
carried out at about 1000°C in high vacuum.
Resistance welding of Tantalum is widely used for thin sheet
0.Q04n to 0.006", and normally the operation is carried out under 
water or CCl^# Other methods of welding can also he applied pro­
vided sufficient protection is available#
Niobium. 2 ’ 5 ^ ’ 1 0 *11 I.;';
Like Tantalum, Niobium is a body centred cubic material and 
has many other similarities with that metal# It is highly reactive 
at elevated temperatures except with the Group 0 elements#
Niobium has good creep resistance at high temperatures and
also good corrosion resistance# Due to this property, difficulty
of etching was encountered# The usual hydrofluoric, nitric acid
based etches were found to be rather unsuccessful, so that some
12attention was given to this problem , as a result of which a 
successful etch was developed and used.
Niobium can be successfully welded by many normal processes, 
with provision of a protective atmosphere# Resistance welding can be 
carried out under water or CCl^#
1*>
Taylor and Stockdale produced welds of good ductility in 
Niobium in thicknesses of 0#020" to 0.050". Also, they were able 
to join Niobium to Tantalum and Vanadium, though nothing partic-
30
ularly unusual was noticed in the fusion zone interfaces since the 
joints were edge-welds. It was not possible to weld Niobium to 
stainless steel successfully*
Annealed Niobium welds suffer hardness increases due to the 
diffusion of oxygen from the surface of the metal* Annealing 
treatments are carried out at about 1100°C in high vacuum.
Much work has to be done on the investigation of the mechan­
ical properties of Niobium,, since it is ductile and soft only when 
pure. . Increases in the Concentration of oxygen^, nitrogen^, and 
hydrogen^^,^ ^a lead to increase in hardness and loss of ductility* 
This can be serious if pick-up during welding is high, since em­
brittlement will be caused*
Zirconium. 17,18
Zirconium is an example of an hexagonal structure, and unlike 
the other metals under consideration, it exhibits an allotropic 
transformation* This occurs at 862°C, when
Zr, 2r,hex bcc
and in consequence the structures of welds show somewhat special 
characteristics* The oxygen content of the material greatly affects 
the allotropic behaviour, introducing a two-phase (a + (3) region
31
at quite low concentrations • The fusion zone of a normal 
Zirconium weld will show a typical as—cast structure, the heat- 
affected zone above 862°C will show an acicular structure, and the 
heat-affected zone below 862°C a polygonal structure*
Zirconium has good corrosion resistance to high temperature 
water, and low absorption cross-section to thermal neutrons1• Its 
corrosion resistance is as good as Tantalum with respect to acids, 
and better with respect to alkalis* It is highly reactive at 
elevated temperatures except with Group 0 elements. It is pyro- 
phoric, and when finely divided, may be dangerously explosive*
The normal etch used is electrolytic5 acetic acid- perchloric 
acid mixtures. But the Niobium etch developed by (12) was also 
successful.
As a welding material, Zirconium presents little difficulty1 *^ 
It can be welded by inert gas processes, and by resistance welding 
under water or CCl^ if in thin sheet form. Contaminating gas con- 
siderably embrittles the weld.
Annealing at 850°C can be carried out in air for 30 seconds 
but not longer, since Zirconium is an extremely efficient getter
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at higher temperatures, hut this is not recommended generally.
Resistance welding to most other metals is possible, but the 
strength of the weld only approaches that of the weaker metal.
The most successful method of welding is in a dry-box or a 
vacuum rig, sin^ -e for maximum corrosion resistance gas pick-up . 
must be avoided, especially nitrogen.
20Molybdenum.
Molybdenum is body centred cubic in structure and is part­
icularly associated with a brittle condition at room temperature 
in the recrystallised state. The brittle-ductile transition is 
high, about 200°C fully annealed. This is reduced by the use of 
suitable mechanical working such as rolling, so that the transition 
of brittle-ductile fracture depends upon the degree of cold work* 
95$ reduction gives the transition at 0°C. This can be reduced 
further by more cold work. The brittleness is said to be due to 
traces of oxygen, nitrogen, and hydrogen, and it seems unlikely 
that any method of welding which utilises temperatures exceeding 
the recrystallistaion temperature (l000-1200°c) will produce welds 
of appreciable ductility, though much research effort has been 
devoted to this ends,
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But resistance welding has "been used for many years in the 
manufacture of lamps and valves, though even this process has 
difficulties, the principal one Being surface contamination hy the 
electrode material• This can Be minimised By welding under water.
MolyBdenum may Be more easily welded if inserts of,another 
metal are placed Between the sheets, thus increasing the elect­
rical resistance of the composite, resulting in Better welds due 
to the generation of more heat.
As a material, MolyBdenum finds consideraBle use in the 
valve industry and as a high temperature metal, often alloyed in 
the aircraft industry, where its strength at high temperatures is 
attractive. It is also resistant to corrosion to a reasonable 
degree, But will oxidise readily to form Mo00 or MoO. depending 
on the temperature of reaction.
21Vanadium*
Vanddium has the lowest melting point of all the rarer 
metals studied in the present work. Historically, there has Been 
little use for Vanadium as a pure metal until comparatively re­
cently, and most research has Been devoted to the study of it as 
an alloy with other metals, or its effect on other metals or metal
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systems.
Vanadium is "by no means as corrosion resistant as the other
metals considered, hut is highly reactive at elevated temperatures.
The oxide VgO,- is extremely toxic. Other oxides are VO, V2°3 5 and
V204. These are of special interest and impjwrfcance in consideration
of Vanadium as a fuel element canning material, for sodium cooled
reactors of the fast breeder type. ^2^5 me^^s 670°C and must
not he allowed to form. Review of the free energies of formation
21of relevent metallic oxides shows that Vanadium oxides other 
than VgO^ have properties which make the metal suitable for can­
ning, since the stable oxides VO and will form in preference
to Na^O, which is deleterious to corrosion properties.
As a material for welding, Vanadium presents no problems 
provided the usual contamination control and precautions are ob­
served. Ductile welds are readily obtained by argon-arc and re—
13 .sistance processes ' • Vanadium alloys are also easily welded at 
low currents and fairly high torch travel speeds, and the mechan­
ical properties, coupled with the other properties of Vanadium 
alloys, render them capable of replacing stainless steel in can­
ning applications.
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It is interesting to note that the brittle-ductile trans­
formation in Vanadium2 -^ (about -100°C) is affected by small 
amounts of Chromium, Molybdenum, Tantalum, and Titanium* Zircon­
ium does not have an effect unless the composition is sufficient 
to form appreciable amounts of ZrVg* In general, transformation 
temperature is raised by these additions, as it is by the gases 
oxygen, nitrogen, and hydrogen*
The etching of Vanadium was not difficult when HF base etches
were used* As a member of a dissimilar couple it was attacked
preferentially with severe pitting, whilst the alloy fusion zone
12was relatively unattacked* The Niobium etch was quite satis­
factory.
Conclusion*
These remarks have given an outline of the materials 
ed in the present investigation* The principal properties 
shown in the accompanying Tables.
involv-
are
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TABLE 2.1 - PHYSICAL CONSTANTS2.5
Metal Group At. Wt. Structure Lattice 
Parameter 
(a) £
J
At. Had. 
i. Kx.
Zirconium IVa 91.22
a hep 
(3 bcc
3,2312
(20°C)
3.6090
1 .6 0
Hafnium IV a 178.6 hep - 1.57
Vanadium Va 50.95 bcc 3.039
(20°C)
1 .313
Niobium Va 92.91 bcc 3.301
(20°C)
1.43
Tantalum. Va 180 .88 bcc 3.303
(25°c)
1.425
Molybdenum Via -95.95 bcc 3.1468
(20°C)
1.36
Nickel Villa 58 .69 fee 3.5238
(20°C)
1.25
Copper I* 63.54 fee 3.6153
(20°C)
1.275
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25TABLE 2,2 - THERMAL PROPERTIES,
Metal M. Pt. 
°C
Density 
at 20°C
Sp. Ht.
at 20°Ccgs
Th. Cond.
at 20°Ccgs
Ht. Fusion 
cal/gm.
Zirconium 1852 6o5 O0 O6 7 0.04 60
Hafnium 2222- 30 13.09 0.0351 0.045 -
Vanadium 1900* 25 6 .1 0.119 0.074
(100°C)
-
Niobium 2468^ 1 0 8.57 0.065
(o°c)
0.125 69
Tantalum 2996^ 50 1 6 .6 0 .035
(25°C)
0 .130 38
Molybdenum 2610 10 .22 0 .066 0.34 6 9 .8
nickel 1453 8.92 0 .105 0 .22
(25°C)
73.8
Copper IO83 8 .9 6 0.093 0.94 5 0 .6
TABLE 2«,3 - TYPICAL ANALYSES.
Nitrogen
pom
CarbonMetal
100 100Tantalum
<10300100 100
<10 150Zirconium 1000 100
MolyBdenum 20 10
Vanadium 1200 110
Nickel
Copper 11700
39
TABLE 2,4 ~ TYPICAL.ANALYSES.
Me­
tal, Pe S-i Ti Na 
All_
K
al£m<
Nb
mis.
Ta Pb
kb 4
Sn Mg A1 Cl Hf Cr Mn
Ta 0.01 C0.0]<01
Lot
<0 .0
h
02 <05 - - - - - - -
Nb 0.03 0 30]
Lot
<0 .0
h.
02 - 0 .2
bot
0 .0
h
05 - - - - - -
Zr 0o03 - - - - - - < 0 1 - <•03 0,03 4 0 1 <>.7
-2 .0
HO
■...
V
..
1
-
Mo- ,007 - - - - - - - - - - - - - -
V 0.05 O.Oj
m - Q15
max
.05 - - - - - - .10
max
- - - .30
max
-
Cu B.S, S. 1036
-------J.
1
1
4 0
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CHAPTER III.
THE PRINCIPLES OF THE FUSION WELDING 
PROCESS EMPLOYER.
The Heat Source*
The source of heat for melting and fusion welding the metals 
in the present work was a direct current electric arc operating 
with a non-consumable tungsten electrode of negative polarity.
Under these conditions, the heat is imparted to the metal in two 
ways, (a) hy the energy and heat of condensation of the electron 
stream striking the anode, and (b) by conduction and convection 
from the arc column.
If reactive gases are present in the surrounding atmosphere, 
chemical reactivity between these gases and the metal may occur* 
This reactivity, or mass transfer, results from cold gas molecules 
being fed into the arc column, where they are dissociated to form 
highly active atomic gas which reacts with the metal. This process 
is similar to heat transfer from the surrounding gas when the hot 
gas atoms impinge upon the metal surface and give up some of their
4 4
energy to it in the form of heat. In the absence of appreciable 
quantities of reactive gases in the present apparatus, only the
latter effect would be important*
There is considerable evidence available to show that des­
pite the highly turbulent state of the arc gases, a layer of gas 
adjacent to the molten pool is almost stationary. This is termed
the "boundary layer", and it is diffusion across this layer which
2 3controls the gas-metal reactions* However, it has been shown ? 
that an electromagnetic "pinch" effect occurs in argon-arc welds 
in which the high velocity gas jets set up control the rate of 
heat and mass transfer to the anode* It is felt that this is of
considerable relevence in the static atmospheres used in the present
experimental work*
Arc Characteristics*
An arc can exist between two electrodes only while the con­
tinuity of current is maintained by processes occurring within the 
arc itself. When the electrode is heated sufficiently, electrons 
are emitted which collide with the surrounding gas molecules, 
raising their temperature so that they become ionised* These 
positive ions travel to the cathode, where they lose most of their 
energy on collision, thus maintaining the temperaturenof the
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cathode at a level necessary for the emission of the required 
number of electrons.
More information is given on the arc by two characteristic 
curves. First,, the arc voltage-current relationship (Fig, 3.1) 
gives a general behaviour pattern for the arc. It will be noticed 
that Ohn^s Law is not obeyed, since as the current increases* the 
voltage first decreases, then remains approximately constant. The 
reason for this initial decrease is because, firstly, the conduct­
ing area of the arc column becomes larger, and secondly, its temp­
erature increases so that its electrical conductivity increases 
and the current is able to flow with a decreased potential drop.
The second characteristic (Fig. 3.2) provides information 
about the internal structure of the arc. Arc potential is plotted 
against distance along the arc. It can be seen that there are 
three zones of differing potential gradient. The largest of these 
is the high temperature gas zone of the arc column or plasma, in 
which current is carried by electrons and ions from thermal ion­
isation of the surrounding gas. But in the immediate region of the 
electrodes, their cooling effect lowers the temperature of the gas 
which results in a drop of the local electrical conductivity.
This means that a high potential is required to maintain passage
of the current.
The electrons, passing from the cathode into the anode pot­
ential drop region, encounter this decreased temperature area in 
which the density of positive ions has decreased, resulting in a 
negative space charge which causes the anode potential drop.
Under the influence of this potential drop, the electrons are 
accelerated and gain kinetic energy which is lost on collision 
with the anode. This energy, released as it is over a small area 
is responsible for the characteristic local intense heat of the 
arc, and which is partly the reason for appreciable penetration, 
making the process suitable for welding applications.
At the cathode, the processes are more complicated and de­
pend upon the type of arc used* In general, however, ions trav­
elling towards the cathode are accelerated by the cathode potent­
ial drop and on collision give up energy as a result of recombin­
ation. If they are absorbed by the cathode, then they will give 
up all their kinetic energy, but only some of it if they are re­
flected. The energy gained by the cathode is used in the gen­
eration of the electron stream and in compensating for losses by 
conduction and radiation.
It is not proposed to go into the details of arc physics in 
this work, hut it should he noted that until comparatively recent­
ly^ information was obtained only as a result of empirical exper­
iments* The processes and energy balances in average normal arcs 
are so complicated that most academid work has to assume special 
conditions, such as cylindrical arc columns and cooling by cond­
uction alone, ignoring the important factor of convection loss in 
so-called '’free burning" arcs. In cylindrical arc columns, the 
ionisation density can be calculated, knowing the ionisation pot­
ential of the gas in the column, and accepting a state of thermal 
equilibrium. This is the basis of the Saha equation - 
l o g ^ H . 2/^,) = -5040(V./T) + 1.51°g10(T + 15.385) 
where N = ionisation density 
= density of atoms 
= ionisation potential 
T = absolute temperature 
Equations can also be derived for the energy balances in
cylindrical arcs. But in free burning arcs the results are only
5
approximations. Attempts have been made to analyse free burning 
arcs mathematically, even then assuming conduction losses only.
The importance of convection in a free burning arc has been 
6
demonstrated. Without it, arc voltage and current density are
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"■ decreased. Also, as the distance from the arc axis increases, so 
the part played by convection in transporting energy is increased, 
and the temperature decreased#
7
To obtain an energy balance for a free burning arc requires 
a number o.f assumptions to be made, such as ignoring radiation 
loss, and the variation of column temperature with current. Even 
allowing for convection current velocity variation, the results 
are approximate#
The above remarks apply to what would be considered to be
low current arcs, and most of the currents used in the present
work would come into this category# The highest currents used, 
about 120 amps, may introduce slight constriction and plasma jet 
action# The current would have to be at least 200 amps before 
this effect, resulting from electro-magnetic forces, was fully 
induced# Therefore this type of gas flow will not be considered 
here#
The Temperature of the Arc# -
Free burning arcs in argon give a temperature of 30,000°K
just in front of the cathode at 500 amperes, but arcs at about 20 
amperes or less will give only approximately 7000°iC# The arcs 
used in the present work were usually 70 amperes, giving a temp-
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erature of about 10,000°K, and the 100 ampere arcs about 129000°K,
The temperature of the molten pool (anode) would be affected 
considerably by the boundary layer and probably would not attain 
very high temperatures. These would also depend upon the metal 
and its thermal properties, and the result would be a super-heat 
temperature of comparatively little in excess of the melting point.
Electrode Polarity,
The polarity used in the experimental work was electrode 
negative, giving a voltage under load of 12,5 volts. With positive 
electrode polarity, the heating effect on the electrode was found 
to be too high, as would be expected, and tended to melt the tip, 
so that the globule formed would often fall into the weld pool. 
Since with this type of polarity about 66$ of the available heat 
is concentrated at the electrode, it requires either a larger di­
ameter electrode, or adequate cooling to prevent the electrode 
melting. Also, in order to provide sufficient heat to fuse the 
weld region, higher currents are necessary. Hence it was decided 
that in order to run the electrode at as low a temperature as 
possible, reverse polarity would be used for all experimental work. 
This allowed lower currents to be used for welding the specimens, 
with 66$ of the available heat concentrated in the weld area.
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The apparatus used to supply the current is described in 
Chapter IV.
Electrode Dimensions«.
The diameter of the electrode used in tungsten arc welding
*is principally dictated by the current it is required to carry, the 
polarity, and the gauge of the material to be welded.
With reverse polarity, the cathode spot is apt to wander 
over the surface of the end of the electrode, and if there is a 
comparatively large area available as in the case of a heavy 
gauge electrode, this site variation is accompanied by a notice­
able variation of the site of principal heat concentration in the 
weld pool,' By the use of a thinner gauge electrode, though one 
which was nevertheless capable of carrying the current required 
without overheating, the movement of the cathode spot was consid­
erably restricted, with resultant welds of more uniform fusion 
zone boundaries and penetration*
Under normal operational circumstances, with reverse pol­
arity, the electrode point is maintained fairly sharp, thus lim- . 
iting the cathode spot wander, but it was found beneficial’to grind 
on a point prior to using the electrode for the first time. After 
a period of use, the point became hemispherical, but not bulbous
5 2
as is common with the electrode positive system.
The wandering effect of the cathode spot was also a feature 
of the arc melting furnace electrode. Here again, finer gauge 
electrodes gave more stable arcs, hut had a tendency to stick to 
the tungsten starting blocks. Larger diameter electrodes did not 
have this trouble, though they were more difficult to start due 
to the larger mass of material acting as a heat sink and prevent- 
ing a local high temperature being attained, at least until the 
electrode was fairly hot. However, for reasons already stated, 
heavy gauge electrodes were not practicable for welding the 
materials used in the experimental work. But it was found that by 
carefully shaping the end of the heavy gauge electrode (0.25n dia.) 
to a point, it was possible to produce arc stability comparable 
to that of thinner gauge electrodes, but only for a short time, 
when the tip became rounded. The larger diameter electrodes ran 
considerably cooler near the collet, though this was not sufficient 
compensation for loss of arc stability.
It was found that the best results were obtained using the 
smallest diameter electrode possible, commensurate with the abil­
ity to carry the current without over--heating. As a result, elec­
trodes of 3/32” diameter were used in the welding experiments.
53
References<
1. Wilkinson J.B., Milner B.R, , ’’Heat Transfer from Arcs* 11 
Brit. Weld. J. i960, J,, (2), 115-128.
2. Maeoker H., ”Plasmastromungen in Lichthogen infolge eigen- 
magnetischer Kompression*” Z. Physik, 1-955j 141, 198*
3. Milner B.R*, Salter G.R* and Wilkinson J.B., ’’Arc Character­
istics.’’ Brit9 Weld. J., I960, ]J, (2), 73-88.
4. Finkelnburg W 0 and Maecker H., ’’Handhuch der Physik’’, Springer- 
Verlag, Berlin, 1956, 22. 254-444*
5. Schmitz G., nRechmungen zur elektrodenstahilisierten Bogen- 
entladung." Z. Physik, 1952, 132. 23.
6* Hagenah W, "Bas Str'omungsfeld im freiern Kohl eho g e n ,
Z. Physik, 1950, 128, 279«
7. Suits C.G. and Poritsky H., ’’Application of Heat Transfer Bata 
to Arc Characteristics,”, Phys. Rev., 19399 55. 1184—1191*
54
CHAPTER IV.
DEVELOPMENT AND DESCRIPTION OF APPARATUS.
Controlled Atmosphere Chamber.
Prom the begining of the investigation, it was clear that 
in order to he ahle to govern the atmospheric conditions in which 
the metals under consideration were to he welded, some kind of 
enclosed space was necessary from which the'air could he extracted 
and gaseous atmospheres could he re-introduced, such that their 
composition could he closely controlled and varied as required.
It was considered important, also, to carry out the welds 
under conditions of cleanliness of a reasonably high standard so 
that as many variables as possible could he eliminated. The 
presence of grease, oxygen and nitrogen as occluded gases, and 
water, were to he avoided to prevent their affecting the welding 
conditions, and possibly the quality of the welds produced, and 
making the investigation of the weld characteristics more diff­
icult. .......
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12Controlled atmosphere chambers ^ generally are constructed
either from stainless steel or from plain carbon steel, nickel
•5
plated, A few may be made in aluminium or magnesium alloys, but 
these are usually smaller types. All these materials were ruled 
out for the present work on the grounds that, firstly, they were 
too expensive, and secondly, the time for delivery and manufacture 
of the apparatus was excessive.
Glass is a material which can be easily cleaned and has low 
gas adsorption tendencies, which makes it suitable for use in 
vacuum systems. It does present outgassing difficulties when 
heating methods are used, but it will allow a small degree of 
warming to promote the removal of the gaseous films, Thus the 
choice of material for the welding chamber centred on glass. This 
had the additional attraction of being cheap and easily obtained, 
and since it is transparent, no special observation windows were 
required,
A further consideration which had to be taken into account 
was the relative inflexibility and brittleness of a glass chamber, 
and it was not clear whether temperature differentials along the 
length or round the peri^ery of the chamber would cause cracking 
lue to the development of localised high stresses. However, pro-
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vided that these differentials were not more than 100°C, it was 
felt that glass was safe and serviceable under the conditions 
likely to prevail.
The properties of Pyrex glass are particularly suitable, and , 
this led to the choice of a standard cylindrical pipe length in 
Pyrex glass for the chambera
For the present work, the glass cylinder was 24 inches long 
and 12 inches in diameter*. It was necessary to decide which was 
the better position of mounting it, having due regard to the 
apparatus inside and number of welds which could be made in any 
one run. There weie two possible choices for the mounting — vert— 
ically or horizontally.
In consideration of the vertical mounting of the cylinder, 
the main advantage would be tie possibility of mounting the diff­
usion pump directly below and thus having the shortest possible 
distance between chamber and pump. But the vertical position 
would limit the traverse of either electrode or welding platform 
due to the diameter of the cylinder, and this would mean that only 
a* comparatively short length could be welded* The operating mech­
anism would also be complex*
The horizontal position of mounting the cy-linder was adopt­
ed. The advantages of this were (a) that a considerable length 
of weld could he carried out in one run, thus allowing greater 
economy of argon, since the chamber does not have to be opened 
and pumped down as many times as : would be necessary for shorter
runs, (b) the system of traverse motivation could be much more 
simple, and (c), greater accessability of the specimen in the 
chamber, particularly for alignment purposes.
The main disadvantage was that it would become necessary to 
connect the vacuum diffusion pump to the chamber by means of a 90° 
elbow, thus increasing the distance between pump and chamber, and 
also losing the direct path for the removal of gas. However, this 
would mainly influence evacuation time, and it was felt that the 
advantages of horizontal mounting greatly outweighed those of the 
vertical position.
Having established the better position in which the cylinder 
should be placed, the rest of the equipment was built around it 
in such a way.that all services required were sited in the most 
suitable positions, and operation could be carried out with the 
maximum possible ease and efficiency.
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The decision to concentrate on fusion butt welding dictated 
the design of th$ welding platform and traverse head* Since it 
was expedient for the design of the chamber, the welding head was 
traversed rather than the platform.
The cylinder was closed at both ends by steel discs which 
were bolted to the flanged ends of the cylinder by means of bolts 
passing through collars round the glass and then through the plates. 
The collars were cushioned on the glass by neoprene rubber strips 
and the steel-to-glass seals were made vacuum tight by neoprene 
rubber gaskets. The ends of the cylinder were ground and the 
plates were provided with a fine finish to ensure joints of as low 
a leak rate as possible.
The steel end-plates were used to support the electrode 
traverse mechanism and the welding stage, as. 117611 as providing a 
means of access. At one end of the chamber, the welding stage was 
bolted to the end-plate, and also in this plate a 4n diameter hole 
was cut to allow the system to be evacuated. The opposite end~ 
plate carried the traverse mechanism and provided a 6" diameter 
hatch through which access was possible to the inside of the 
chamber. This hatch was blanked off during runs. The ingress of......
argon or other gases was allowed through a small valve, and current
5 9
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was conducted in through a special seal, "both valve and seal pass­
ing through this same end-plate. The end-plate itself provided 
the earth return. Figs. 4.1 and 4.2 show details of the arrange­
ment of the apparatus.
The far end of the traverse mechanism was attached to the 
welding platform for reasons of rigidity. The welding platform 
was supported at its far end >^y an adjusting screw, H, which also 
acted as a means of levelling the stage.
The Traverse Mechanism. (See Fig. 4.2).
The hare tungsten electrode was carried in a steel collet 
which was screwed into a 0.5~inch diameter hrass tube, B. The tube 
was 4 inches long, held in a bakelite block, C, which provided 
insulation, and the block was carried on a small carriage. Suit­
able adjustment was built in for centering and generally aligning 
the electrode. The electrode tube also carried the current input 
terminal on the upper end.
The electrode carriage was supported by two horizontal 
guides, D, made from 0.5-inch diameter silver steel rod, which 
passed through it. Thus it was free to slide the length of the 
guides, and as these ran the length of the chamber, the electrode
path was almost 24 inches long#
The means of actuation was by a lead-screw, K, 0.75rinch 
acme thread (8 t.p.i®), running between the guides and through the 
centre of the electrode carriage. A small' peg engaged in the , - 
thread, and on rotating the screw, the electx*ode could be conduct­
ed along the chamber. One end of the screw was supported in an 
end-bearing and the other passed through a Wilson seal in the end- 
plate. These bearing portions were suitably machined to 0.375“*inch 
in diameter. The short length of the shaft protruding on the out­
side of the end-plate was fitted with a driving sprocket, 0, en­
abling chain drive to be used to rotate the lead-screw.
A variable speed electric motor was used as the prime mover 
and whilst it was possible to vary the speed of traverse by means 
of a variable resistor connected into the field windings of the 
motor, the range of available traverse rates could be varied by 
changing the sprockets on the motor shaft, the lead-screw, or on 
both. Reversal of the direction of rotation of the motor was acc­
omplished by means of a simple cross-over switch circuit.
The specification of the motor was as follows:
240 volts, 50 c/s. Torque 40 lb.ins. 30 r.p.m. max.
The resistors
1000,ohms (Variable) 0,5 amps#
The electrode was connected via the terminal on top of the 
electrode-tube to a specially designed seal in the end-plate# The 
seal consisted of a central short length of copper rod, held in a 
glass tube for insulation purposes, the glass itself being held in 
the plate by a Wilson-type seal. The current lead inside the 
chamber was soldered to the inner end of the copper rod, and the 
exterior end of the rod provided a terminal to which was connected 
the current lead from the generator# A diagram of the current 
input seal is shown in Fig. 4.3•
The Welding Stage.
The base of the wielding stage G consisted in a strip of 
steel l/3M x 4 ” x l8f1, bolted to an end-plate at one end and 
supported on the single adjustable leg H at the other.
Bolted on to the base were three OFHC copper backing plates, 
F, each l/2" x 6M x 3M, with a central milled channel L, 3/4" wide 
and l/4M deep. Clamp-plates E were provided, the object of which 
was to hold the specimens in position whilst welding was in pro­
gress. The clamp-plates were tapered on their inner edges to
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facilitate access of the electrode and the setting of the specimens 
in position. Later, spring clips were substituted for the clamp- 
plates in the interest of ease of manipulation, and to allow the 
specimens to move freely during welding, as far as possible pre­
venting restraint characteristics, and probable cracking* Some 
of these items are shown in Fig* 4 . 4, . Fig, 4.5  is a photograph 
of the traverse mechanism, shov/ing clamp-plates, springs, and 
specimens in position,
The Pumping System.
The chamber was evacuated by a 4-inch,baffled,oil diffusion 
pump, backed by a standard single-stage rotary pump rated at 
150 litres/min. pumping speed* A by-pass roughing line was built 
in to allow the backing pump to "rough out" the chamber before 
changing to direct pumping through the diffusion pump. A schemat­
ic diagram of the pumping system is shown in Fig*4.1*
Vacuum Gauges*
The gauges used were a Pirani model B2 in the backing line, 
and a Philips model 3 with a type 2MSA cold cathode head for the 
high vacuum side. This head was placed directly into the end- 
plate as shown in Fig. 4.1*
®s
P / G

—5With this equipment, it was possible to read to 5 x 10 mam*
-5
Hg with accuracy, and to better than 2 x 10 m^m.Hg with corres­
ponding loss of accuracy* Generally, with this pumping system, 
the chamber could be evacuated to 5 x 10 m.m. Hg in about 20 
minutes*
It was felt that much could be learnt concerning the be­
haviour of the metals in question under conditions inside the 
chamber, by carrying out some experiments under a stationary arc. 
The information thus gathered could be applied to a traversing 
arc for welding purposes. In addition, such a small melting 
hearth would provide a simple means of gettering the chamber prior 
to carrying out a welding run.
The arc furnace was specially constructed to fit into the 
welding chamber, so that conditions under which the chamber would 
be used for welding were simulated as closely as possible. A dia­
gram of the furnace is shown in Fig. 4.6.
After some consideration, the furnace was placed in the end- 
plate opposite the suction end of the chamber and in the hatch in­
tended for access to the inside.
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Design of the Arc Furnace*
The hearth and main cooling chamber were made from 2n dia­
meter copper tube, and the hearth itself and the base were copper 
sheet silver soldered into position* The material was 16 gauge*
The hearth was given a central depression using an Brichsen cupping 
machine, the function of the depression being to provide a small 
melting area in which the specimen rested* Two small tungsten 
blocks were brazed to the hearth, one on either side of bhe cen­
tral depression (not in front as indicated by the diagram) for the 
purpose of striking the arc without touching the specimen, thus 
preventing contamination of either the electrode or the specimen* 
The incoming cooling water impinged directly onto the underside of 
the hearth at full mains pressure. Both the inlet and the outlet- 
were l/2M diameter copper tube* Support for the hearth was pro­
vided by soldering these tubes into the support plate, the inside 
face of which formed one face of the vacuum seal of the hatch.
The tungsten electrode was held in a steel collet which was 
screwed into a threaded annulus* The annulus was soldered into 
two turns of l/4M bore copper tube. The tube not only carried 
cooling water for the electrode, but also acted as the current con­
ductor inside the chamber. The tubing passed through the support 
plate (see Pig. 4*6), and was soldered into a 2V to 1*5" brass
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reducer, fitted with a wooden handle. The electrode cooling 
water and current lead were passed out through the handle* Thus 
the system of the standard water-cooled torch was followed*
A flexible joint, which additionally gave electrical in­
sulation, was afforded by a short length of rubber vacuum hose as 
shown in the diagram* There was only a small amount of axial 
movement and twist available, but this was sufficient for reason­
ably easy manipulation of the speoimen in the hearth. Lateral 
and vertical movements gave about 2 inches travel in both cases.
Since flash-back of the arc to the electrode collet was 
experienced, a protective ceramic shield was screwed onto the 
protruding portion of the collet in order to prevent it being 
fused to the electrode.
Some general views of the chamber apparatus are given in 
Figs. 4*1 and 4*$*
The Generator*
The generator used in all the experimental work had the 
following specification*
32 KVa 300-450 amps max. (Supply)
FI
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METROVIC DC. GENERATOR
TY P IC A L VOLTAGE
CHARACTERISTIC
M
- — opened. 67 5 v 
I paper speed O. 5 cir.s/i
o
welding current 5 0  awps.
(B ) paper speed I6c«s/sec
M A G N IFIFO  TRACE OF VOLTS ON OPEN CCT.
3 phase
50 0/s
440 Volts 300-450 Amps, Cont. (Supply) 
30-60 Amps min. output.
450 Amps maxc output.
67*5 Volts D aC. open circuit.
The 3-phase rectification in a machine of this type is 
achieved "by the use of the "bridge rectifier principle employing 
selenium rectifiers in this case.
As can "be seen from the copy of the pen-trace recording in 
Fig. 4.95 "the voltage curve on no-load showed a slight high - 
frequency ripple of 300 c/s. The amplitude of this ripple was 
extremely xsmall and could only he detected when the recorder 
worked at maximum gain and maximum chart speed (l6 cm./sec.).
The trace recordings show that both on no-load and under load, 
the machine maintained a steady voltage within the capabilities 
of the design.
Continuous Pen-trace Recorder.
The recorder used for tracing the voltage characteristics 
under load and no-load was a Kelvin & Hughes 2-Channel model with 
a separate amplifier. One channel was fitted with a high resist­
ance pen coil, and the other with a low resistance pen coil, so
that a choice of pen sensitivity was available. The chart paper 
was standard "Teledeltos" spark activated paper, obviating the use 
of inks.
There was sufficient response from the recorder when tracing 
arc voltage for the use of the amplifier to be unnecessary in this 
case-* The recorder was connected in parallel with the generator 
terminals, using the high resistance pen, and a trace obtained. As 
described in Appendix II, however, the recorder was also used in 
an attempt to measure thermocouple outputs, a task for which it 
was particularly well suited, especially where rapid transients 
were expected.
The Inert Gas Atmosphere,
The gas used for the inert atmosphere was standard argon 
kindly provided by the British Oxygen Company Ltd, Before ad­
mission to the welding chamber, the gas was passed - through calcium ' 
chloride chips and over Zirconium turnings heated to 650°C, with 
the object of removing any traces of reactive gases and moisture 
which might be present. However, experience showed that these 
precautions did not materially affect the qualities of beads or 
welds, and the purification train was subsequently removed, though
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CHAPTER V.
PRELIMINARY EXPERIMENTAL WORK.
In Chapter IV, it was seen that the small arc-melting 
hearth was developed to assist in the perfecting of melting and 
arc conditions and techniques, using a static arc before transfer— 
ing them to a traversed arc. It was also used to study the effect 
on the metals concerned of these conditions so that a general 
background knowledge of their behaviour was available.
At first, the furnace was mounted in place of the 4" glass 
elbow, a separate pump being used coupled to the opposite end- 
plate. This system presented several difficulties. Firstly, the 
gas exit was only 0 .5” in diameter, and the only pump available 
was a 2-stage model with a pumping speed of 20 litres/minute. 
Secondly, the elbow had to be disturbed in order to use the furn­
ace, The vacuum attained was poor, and though flushing with argon 
was carried out, considerable quantities of oxide were formed 
when arc melted Niobium and Zirconium were prepared. Consequently, 
it was decided that the main pumping system must be used. This
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meant that the furnace would have to he placed at the other end 
of the chamber, and the welding traverse offset to allow both furn­
ace and traverse system to be used in the chamber together* A 4” 
diameter hole was cut in the end-plate to allow entry and exit 
of the furnace, this same opening allowing access to the inside 
of the chamber* The result of this design change increased the 
pumping efficiency and the ultimate vacuum*
The general method of operation of the arc-melting hearth 
was simple* Having ensured that all water cooling was in full 
operation and the current was switched on, the electrode was touch­
ed onto the tungsten starting block and the resultant arc was 
passed to the specimen by moving the electrode over to it* The 
arc was moved freely over the surface of the specimen so that the 
point of highest temperature was brought to bear on all areas of 
the metal. It was possible to produce a completely molten state 
in the specimen, with suitable current input, except for a thin 
shell in immediate contact with the hearth* When it was consider­
ed that sufficient melting of the upper side of the specimen had 
been attained, it could be turned over if required by dextrous 
use of the electrode, having first switched off the current. It 
was found that it was important that both electrode and specimen 
should be allowed to cool below red heat before manipulation, in­
order to avoid sticking on contact, and thus cause possible con­
tamination,, The arc was then re-struck and the melting procedure 
continued on the reverse side. For gettering operations, it was 
not normally necessary to turn the specimen.
Use of the Arc-Melting Hearth to Study Arc and Chamber Conditions.
Two series of runs were carried out. The first of these 
used currents of up to 60 amps, with one flushing with argon. The 
sequence followed was 2-
(1) Evacuation of chamber to 5 x 10 ^.m.m Hg.
(2) Refill chamber with argon to atmospheric pressure.
(3 ) Evacuation to 5 x 10 ^m.m. Ilg.
(4) Re-admission of argon to 66 cm. Hg.
Twelve specimens of Hiobium were melted in seperate runs, 
three using a preliminary melt of Zirconium as a getter. The 
first nine melts gave beads of increasing brightness as the tech­
nique of operation improved. The last three melts were carried 
out in the same manner, but the Zirconium getter was melted first 
in each case, the object being to determine whether any real 
improvement of subsequent Hiobium bead quality was obtained.
After gettering, the Zirconium was removed from the melting area 
and replaced by the Niobium using the electrode as a manipulator.
In all cases, the success of the operation was judged by 
the quality and appearance of the bead, which was assessed by the 
extent of surface films, if any, or the relative brightness, and 
the hardness. .
A gas in Niobium has considerable effect on the hardness. 
If the oxygen and nitrogen contents are high, a hard, brittle 
metal results. But reasonably ductile Niobium can be produced 
by careful melting techniques in addition to powder methods. Re­
ducing the gas content (Figs. 5*1 and 5*2 ) gives a more ductile 
metal.
Of the first twelve runs carried out in the chamber apparat­
us, the lowest hardness figure obtained was 165 VPN. This cor­
responds to a gas content of 0.3$ oxygen. This was accomplished 
without a getter, and it would be reasonable to suppose that with 
a getter the results would be lower than I65 VPN. But it trans­
pired that this was the lowest figure obtained. Hardnesses of the 
other eleven beads were between 200 and 260 VPN. There appeared 
to be a marked improvement after the first three runs5 however.
The second series of runs produced six beads. The con­
ditions under which these were made were slightly different, in
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that,the current and pressure being maintained at the same values 
as previously, a phosphorus pentoxide moisture trap was introduced 
into the chamber, and in addition, a drying train of calcium 
chloride chips was used in the argon line.
The hardness results of this series of six specimens, using 
no getter in five, and a Zirconium getter in the final one, showed 
an average of 250 VPN, and no noticeable improvement on the first 
series. It was considered that the introduction of a drying train 
only served to act as possible extra leakage sources, and that 
argon straight from the bottle was quite pu® enough for the pur­
poses required.
The Effect of Gas Content on Niobium Hardness»■ ;
The effect of gas content upon the hardness of the rare 
metals is provided with an interesting example in Niobium, on 
which there is much information and upon which several experiments
have been conducted for the present work.
In Pig. 5*1^> it will be seen that about 100 VPN corresponds
to a gas content of 0$. This would seem to indicate that hardness­
es of less than 100 VPN are influenced by factors other than the 
oxygen and nitrogen contents. This does not quite agree with a
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figure of 70 VPN quoted by the U.K.A.E.A, for low gas content in 
Niobium, but there are likely to be other contributory factors 
such as the level of metallic impurities*
2 3 ' ’ '
Pig. 5,2 9 shows a rather different form from that in
Pig. 5*1» According to Pig, 5*2, "the hardness of Niobium con­
taining 0,3$ of oxygen is about 250 VPN. 250 VPN in Pig, 5,1 
corresponds to approximately 0.5$ oxygen, but 0.5$ in Pig. 5.2 
gives 350 VPN. Thus there would seem to be other factors affecting 
the curves, provided that it is assumed the experimental conditions 
were similar in both cases. Allowing for this, agreement is quite 
good at lower concentrations of oxygen, but poor at higher con- 
centrations. This could be due to the presence of other impur­
ities peculiar to the particular specimens of Niobium used in 
the two independent experiments. In other words, to a different 
impurity analysis, which in turn could be due to different pro­
duction conditions. The reaction with nitrogen is similar to that 
with oxygen, and the effects on hardness are. much the same. This 
is illustrated-in Pig. 5*1*
Another interesting relationship is that between melting 
point and gas content, shown in Pig. 5*3^. It is evident that 
there is a greater difference between oxygen and nitrogen curves
8 5
at higher weight contents than at smaller weight contents, hut 
the relationship is not linear. Thus it can he seen that at ahout 
0.8$ gas content and below, the effect of oxygen and nitrogen 
is virtually the same. It is not unreasonable to assume, therefore, 
that this is also true in the case of the hardness/gas content 
curve. At low concentrations, the effect of oxygen and nitrogen 
on the hardness of Niobium is very much the same, and thus both 
gases must be removed in order to obtain improved ductility and 
lower hardness values.
The Niobium-Oxygen Equilibrium Diagram ,^
Niobium forms a. compound with oxygen. Pig. 5*4^ shows that 
the Niobium-Oxygen diagram for temperatures between 750°C and 1100°C 
is incomplete* Below 750°C information is sparse, but it serves 
to show that at arc temperatures the amount of oxygen v/hich could 
be dissolved by Niobium, cr form a compound with it, is high, 
though no account is taken here of the possibility of volatilisat­
ion of the oxide. The probability of forming NbO in large quant­
ities in the chamber apparatus depends upon the quality of the 
vacuum, the purity of the inert atmosphere, and the efficieny of 
the getter,,
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Further Experiments in Arc Melting Niobium Under Varied Conditions 
of Gettering and Flushings Preliminary Hardness Tests,
The object of this series of experiments was to establish 
a reliable melting technique involving gettering with a suitable 
getter, and purging with argon. Once this was established, it 
was to be applied to the actual process of welding# It was nec­
essary to know what the effect would be of oxygen pick-up on the 
mechanical properties of the metals concerned as a result of the 
welding process carried out in this particular chamber apparatus. 
This would assist in establishing the capability of it to attain 
reproduceable results, Niobium was chosen for these proving tests 
because it was readily obtainable in reasonable quantities *
Table shows the effect of various conditions of gettering 
and flushing on the hardness of Niobium beads# The effect of 
duration of melting was not taken into account here, but instead 
a seperate series of experiments were made to investigate the re­
lationship between melting duration and hardness for conditions ex­
isting in the apparatus3 The technique adopted was one of flush-
-5
m g  with argon following evacuation of the chamber to 5 x 10 m,m# 
Hg,, followed by refilling Y/ith argon to atmospheric pressure,
This final argon was gettered by melting a bead of Niobium, which 
was melted for 3 minutes, allowed to cool and stand for 5 minutes," 
then remelted for a further 3 minutes# The test beads, which were
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TABLE 5»1«
Hardness of Niobium as a result of various conditions of getter1 
ing and flushing.
Spec­
imen
Getter Purges Pressure 
cm. Hg
VPN Current
Amps
Remarks
1 Alumin­ium one 73 148 110 Hardness satis.
2 3 A1
beads
tt 73 170 110 mpoor
3 n rt 73 168 110 poor
4 2 A1 t! 73 169 110 poor
5 it none 73 146 110 improved
r t 73 270 130 v. large bead
(15 gm.)++
7 Zr t 73 170 110 Zr spattered
8 Zr one 20 200 110 poor
9 Zr t 73 125 110 good
10 ' As received, annealed -
1 1 v
>o
i 
r0 - -
1 Getter beads melted at various stages, and not just at the start*
t
++ This large bead was melted six times in order to bring about 
complete homogeneity* Obviously long melts lead to excessive pick­
up of oxygen etc*
All the hardness values quoted are the mean of not less than six 
individual measurements on the ground cross-section of the beads.
t
TABLE 5.2*
Melting Duration and hardness, with Weight changes*
Spec­
imen
Getter Wt. before 
melt gms
Melt time 
secs*
Wt,after 
melt gms
Wt$> loss 
or gain
VPN
MD1 Nb 5o5400 30 5^4994 O.56O loss 123
MD2 Nb 6.6179 66 ' 6.5653 0*795 loss 132
MD3 Nb 6.6416 90 606IO8 0.464 loss 130
MD4 Nb 8 .7250 120 8.6482 0.880 loss 155
MD5 N.b 6.1731 150 6.1401 0*535 loss 163
MD6 Nb 5.6540 180 5.6084 O.8O5 loss 169
MD7 Nb 5 .5688 . 210 5.5221 , 0,830 loss 186
MD8 Nb 5.8030' 240 5.7532 0 .8 6 0 loss 202
MD9 Nb 7.6552 270 7.5810 0,970 loss 181
MD10 No 7.4779 300 7.4102 0 .905 loss 212
In all cases the current used was 100 amps*
It is evident that "by far the most influential effect on 
change in weight is due to loss of metal, whether it he lost as 
oxide or as free metal vapour.
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previously weighed, were melted immediately after gettering, melt­
ing duration being from 30 to 300 seconds, as shown in Table 5*2. 
After each run, the hardness of the bead was taken* The weight 
of the bead after melting was also noted, and the difference in 
weight before and after melting is shown. The difference in 
weight, which in all cases was a loss, would be due to two factors? 
(a) gas pick-up (weight increase), and (b) metal loss (weight de­
crease), the overall effect being a decrease in weight. The graph
Fig. 5*5 shows the relationship between hardness and melting
 ^ ■
duration, and this appears remarkably direct.
It was possible to calculate the quantity of gas picked 
up by using the known hardening effect of oxygen dissolved in 
Niobium, referred to in Figs. 5*1 and 5*2, though the accuracy 
depends upon the reading of the graph. However, from Fig. 5»1 
it can.be seen that the oxygen-nitrogen curve lies closely to 
that of the oxygen curve. But this does not give values below 
100 VPN, so that Fig 5*2 must be used. The weights of gas picked 
up and of metal lost were calculated as in the following example.
MB 1. (Table 5*2)*
Hardness before melt « 90 VPN = 0.04$ oxygen. 
Hardness after melt » 123 VPN = 0,075$ oxygen.
9 0
Oxygen gained « 0,075-0.04 = 0*035$
The observed loss in weight was 0*560$
If the weight of metal lost = M,
0.035 - M • » -0,56
Thus M = 0*56 + 0*035 Oo595 = 0*6$ approximately.
This represents a fairly high loss. Obviously long melts 
lead to excessive gas pick-up and metal loss, as the tables show.
It appeared important, therefore, that in'order to produce welds 
of satisfactory mechanical properties, the shortest possible weld­
ing times should be used. The loss of metal is not as important 
as the quantity of gas picked up, but it is likely that the metal loss 
is by evaporation and subsequent oxidation, which would be rapid 
in the finely divided state. It could cause contamination at a 
later stage*
Hate of Gas Absorption.
It was realised that the gas content - hardness relation­
ship with time was of direct importance to rates of traverse in 
welding. Thus it would be useful to know how the material behaved 
in conditions to be experienced in the present chamber equipment.
With this in mind, a series of runs were made to establish a melt­
ing duration - hardness curve, using Niobium? for the chamber.
This also gave an indirect indication cf the quantity of gas
Hardness
V.P.H.
(10 kg)
400
300
200
100
0
60 120 180 240 300 360 
Melting Duration (Seos)c
PIQ. 5o5 Variation of Hardness with Melting 
Duration (Niobium) -
V.P.JT.
300
200
100
0
Melting Duration (Secs)
?IQ« 5*6 Oxygen pick-up in Niobium.
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picked up, by the method described above, without analysing for 
gas contents in each case.
There was no prior flushing or gettering, the Niobium being 
melted after the evacuation and filling of the chamber with argon 
to atmospheric pressure. These experiments gave directly the get­
tering tendency of Niobium under conditions experienced in this 
apparatus. Table 5*3 shows the results of this series. The current 
used was 110 amps D.C. and the results were plotted for hardness 
VPN against time in seconds (Fig. 5*S)« A standard annealed spec­
imen had a hardness of 90 VPN.
The graph shows that after an initial high rate of increase, 
there is a distinct decrease in the fate of hardening, and, in­
directly, gas absorption. It is interesting to compare this 
curve with that in Fig. 5*5> in which the curve adopts a similar 
shape. Fig. 5*5 really represents circumstances similar to those 
of the graph in Fig. 5*6? with the exception that prior gettering 
was used in the experiments leading to the construction of the 
former, -whereas it was not used for those of the latter. This 
means that any differences in the two curves may be assumed to be 
due to the gettering practice adopted in graph Fig. 5*5 experiments. 
If this is accepted, then a study of the curves shows that in
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TABLE 5.3.
Biobium Gettering Efficiency*
Spec*
Bo.
Wt.before 
melt (gms)
Wt.after 
melt (gms)
Melting 
time (sec).
VPB Wt.loss
gms.
i{ wt.
loss
GBB 1 3.4726 3.4478 30 141 "0T0248 0 .71
GBB 2 3.7278 3.7035 60 lpO 0.0243 0 066
GBB 3 3.8292 3.7986 90 153 0.0306 0 .80
GBB 4 
GBB 5
3.5016 3.4739 120 173 0.0277 0 .79
3.1638 3.1436 150 186 0,0202 0 ■, 64
GBB 6 3o3631 3.3352 180 196 0.0279 0 .77
TABLE 5.4.
Spec,
Bo.
Wt.be- ! 
fore, girl
Wt. af­
ter. gm
wt.$
loss
Melt 
time.sec
Total 
time.sec
Pressure 
at arc- 
Dut.cm Hg
VPB Porosity
ABB 1 4.3T06~1 4.3346 0.825 30 150 1.0 125 Considerable
ABB 2 4.9386 | 4.8876 1.033 60 195 0.4 140 Slight
ABB 3 3.9714 i 3.9540 0.44C 9° 235 0.6 183 Considerable
ABB 4-' 5.0570 . 5.0112 0,905 120 240 0.4 205 Slight
B.B. With ABB 3j melting was stopped prematurely due to arcing to 
hearth rim* Electrode tip melted? "but head appeared solids
Pig. 5*6 a value of 200 VPB is reached more quickly than it is 
in Pig. 5*5s i.e. 150 seconds in 5*6 compared to 220 seconds in 
5#5> a difference of 1 minute 10 seconds. This would appear to 
he a sound case for the use of gettering prior to melting and 
welding, and subsequently led to the use of a standard procedure 
before all welding runs* This procedure consisted of a three- 
minute melt followed by five minutes standing time, and a second 
three-minute melt. The chamber was evacuated and then filled with 
argon to working pressure, and gettered as described. Bo flushing 
was carried out between gettering and welding, since there was no 
evidence that this improved the properties of the metal.
Porosity of Melted Specimens.
During examination of the specimens produced in the exper­
iments above, porosity was observed to be present, in some cases 
on a fairly extensive scale. This gave rise to doubts concerning 
the amount of porosity which would be found in the welds to be 
made at a later stage. It was thought that the porosity might be 
due to gas mechanically entrapped in the molten metal. This 
could occur because (a) excessive turbulence in the molten pool, 
(D) gas pressure in the chamber, which might be reduced benefic­
ially, or (c) the rate of cooling being too rapid for the gases to 
reach the surface and be freed. The purpose of this series of
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experiments was to ascertain whether it was possible to decrease 
porosity by reducing the chamber atmosphere pressure, during the 
final stages of melting, to the point at which the arc becomes 
completely unstable and is extinguished.
Each specimen was weighed and placed in the hearth of the 
arc melting unit together with a getter bead of Niobium, The 
evacuation and gettering procedure was used as already described^ 
and this was follov/ed by the melting of the specimen. Melting 
durations, before evacuation to arc disappearance, of 30 to 120 
seconds, were increased in stages of 30 seconds with each specimen, • 
As each run was completed, the specimen was removed for examination 
and a new specimen placed in the hearth, and the procedure re­
peated, The table of results is shown (Table 5*4). The initial 
melting occurred at atmospheric pressure of argon; the current • 
used was 110 amps in all cases. Spattering occurred in some 
specimens at about 20-15 cms Eg* which suggested gas evolution.
This was violent at times and resulted in the specimen losing con­
siderable weight through metal lost in this way. In general, the 
arc was extinguished when the pressure in the chamber was approx­
imately 0.5 cm Hg. Before* this pressure was reached, the melt 
usually went solid (at about 1 cm Hg.) due to lack of concentration 
of the arc, which formed a diffuse halo round the tip of the
electrode* These runs had to he stopped prematurely as did those 
in which the electrode became overheated* even melting in one case*
Study of the Table 5*4 shows that where the lower values of 
pressure were attained before arc extinction* the porosity observed 
was slight* This noticeably contrasted with the porosity observed 
when the arc extinction pressure was higher* The validity of the 
-few results obtained from these different experiments was question­
able, but there was an indication that below 1*0 cm Hg, porosity
*
in the bead was reduced considerably* The apparatus required to 
maintain the arc at pressures below 1*0 cm Hg, and the doubtful 
benefits to be gained therefrom were co?asidered to be outside the 
scope of the present investigation. But the experiments did serve 
to show that unless the working pressure in the chamber was 
drastically reduced, the porosity was not greatly decreased, and 
the incorporation of low pressure atmospheres in Y/elding was not 
considered warranted*
As a result of the information and operating ability gained 
frcm the above experiments; the next logical step was to attempt 
to apply them in welding. The manner in which this was done will 
be related in the following chapter. With an apparatus of this
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type, some time is required in becoming accustomed to and profic­
ient in the use of the various pieces of equipment, and the work­
ing out of a routine which ensures that all subsequent experiments 
are carried out under properly controlled conditions* As far as 
possible these conditions were fulfilled at all times*
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CHAPTER VI.
PRELIMINARY TRAVERSE WELDING.
Introduction.
This stage of the experimental work was designed to apply 
the data and experience gained with melting, to welding con­
ditions, and to act as a trial for the apparatus as a piece of 
welding equipment.
Experimental Procedure and Observations.
A series of five welds in Niobium sheet l/2H x 2M x l/l6H 
were made by butt-welding together. A traverse rate of l”/minute 
(2.54 cm/min.) was used. A getter bead of Niobium was melted 
in the arc melting hearth using the gettering procedure develop­
ed in previous experiments. The arc gap for welding was varied 
between l/l6” and 3/l6", and the electrode used was 3/32" in 
diameter. The conditions and results, with appropriate remarks, 
appear in Table 6.1.
>
In the absence of a high-frequency starting device on the
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TABLE 6.1.
Specimen
Ho.
Current 
(amps)
Arc length 
(ins)• Hemarks.
HBM 1 30 3/16 ) Heavily oxidised due to 
j seal breakage,
) Little melting or pene- 
| tration*
HBM 2 30 3/16
HBM 3 50 l/l 6
HBM 4 50 1/16 ' ■
HBW 1 50 3/l 6 Heavily oxidised due to seal failure
HBW 2 75 1/16 Very clean weld
HBW 3 50 l/l6 Very slight discoloration
HBW 4 75 1 /1 6 Clean Weld
HBW 5 100 1/8 Some discoloration.
TABLE 6*2.
Specimen
Ho.
Current
(amps)
Hardness VPH
Weld H.A.Z, Parent plate.
HBW 6 50 164 143 165
HBW 7 75 162 136 164
HBW 8 100 160 156 165
HBW 9 100 162 140 . . . , m  . ... _ _______
B.C. welding generator used in these experiments, the arc was 
initiated by allowing the electrode to come into contact with a 
piece of Niobium foil which was bent so that it was a spring-fit 
under the pieces to be welded and protruded into the path of the 
tip of the electrode as it approached the start of the run„ On 
touching, the arc struck, melting the foil* This method of 
starting was found completely successful and was adopted as 
standard practice in all subsequent welding experiments.
Following the results of these experiments shown in Table 
6.1, some hardness tests and simple be?ad tests were carried out.
A typical hardness variation is shown by specimen HBW 2s
Hardness VPH.
Parent Plate 175 ~ work hardened.
Heat Affected Zone 150 - recrystallisation.
Fusion Zone 170 - gas absorption.
A simple bend test was used for specimens cut transversely
from the welded strips. In all cases of 100$ penetration, the
specimens bent about 30° before cracking along a line parallel 
to the weld, but not in it. This seemed to agree with results 
obtained by Taylor and Stockdale^ for specimens welded in con­
trolled atmosphere chambers. In cases of less than 100$ pene­
tration, failure was in the fusion zone, presumably due to the 
notch effect between the unfused edges* The fractures were 
crystalline and the grain size comparatively large. Examination 
of the fracture surface under a binocular microscope showed 
clearly the crystal facets, the extent of penetration, and in 
one or two cases some porosity. In general, however, the amount 
of porosity observed was much less than expected.
Further specimens, HBW 6, 7 & 8 were welded under similar 
conditions to those used for NBW 3> 4 & 5* General weld appear­
ance was improved, probably due to more favourable atmosphere 
conditions. It was noticeable that all specimens welded showed 
a tendency to an increase in width of bead and penetration as . 
the electrode progressed towards the end of the run. This was 
due to the preheating effect resulting from the build-up of heat 
at the ends of the test pieces since it could not be removed 
rapidly enough as the arc approached. Longer specimens were used 
subsequently to ensure a reasonable length of weld of uniform bead 
width. Table 6.2 shows the results of welds NBW 6 to 9 inclusive. 
Once again it will be noticed that the hardness of the fusion 
zone was close to that of the parent plate, and that the heat 
affected zone was softer than either.
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From the outward appearance, comparative ease of welding, 
and from hardness and bend-test results, the above welds were 
satisfactory* The main criticisms were (a) too large a grain-- 
size, and (b) occasional porosity. This porosity was often only 
limited to a single specimen, and it was thought that the in­
fluence of edge preparation, always an important factor in welding, 
should be investigated in this case before further progress was 
made. In addition, it provided another standard to which sub­
sequent welds were kept in the chamber equipment.
Molybdenum Welds.
During proving trials of the apparatus, some Molybdenum 
specimens 1” x 2,f x l/l6M were welded. In order to bring about 
fusion, the current required was 140 amps at a traverse rate of 
1*5 ins/min. (3.3 cm/min.). This was to be expected, since the 
melting point of molybdenum is 2662 ~ 40°C. Whilst this is only 
200°C higher than the melting point of Niobium, there is a factor 
of three difference in thermal conductivities* The rate of energy 
loss, which would not be linear as the temperature increased, is 
high at these high temperatures* This, coupled v/ith the higher 
conductivity of the Molybdenum, would account partly for the dif­
ference of a factor of two in the current required for sound welds 
to be obtained in Molybdenum*
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The Influence of Edge Preparation.
At this stage, in the light of experience in the operation 
and behaviour of the apparatus, certain alterations were carried 
out to the welding platform. The clamp-plates were removed en­
tirely and replaced by spring-steel clips, which held the specimens 
in position effectively and gave greater ease for installation and 
adjustment when in position. The clips also allowed free move­
ment of the specimens during welding, so that the possibility of 
restraint cracking was minimised. This tended to eliminate the 
influence which Restraint might have in the subsequent edge prep­
aration experiments. The method was adopted permanently after it 
was found to be satisfactory.
Tables 6.3, 6.4, and 6.5 give the conditions and results of 
three series of experiments. These included welds in Niobium, 
Vanadium, and two of Niobium to Vanadium.
TABLE 6.5.
Niobium Vanadium
NBW 12 fine emery VW 1 ) \
NBW 13 as rolled rough edge VW 2
NBW 14 filed VW 3 ) as Nb 
\
NBW 15 metallographic polish VW 4 <
NBW 16 as 15 and etched VW 5 )
104
Table 6.4 gives the conditions of experiments NBW 12-16 and VW 1-5*
TABLE 6.4.
Spec.
Ho.
Current
Amps.
Traverse 
cm/min.
Rate 
ins/min
Arc 
length "
Weld
Top
Widths(m.nn
underside
Remarks
VW 1 80 6.5 2 .6 l/l6” 8 .0 8 .0 Sound weld
VW 2 80 7.5 3.0 - l/l6” 7.0 7-0 Sound weld'
VW 3 40 4.0 1 .6 1/8” 2.5 — No penetr­
VW 4 60 4.0 1 .6 1/8” 6.5 5*5
ation
Sound weld
VW 5 60 4*0 1 ,6 l/8” 6 .5 5.0 Sound weld
NBW 12 100 4.0 1 .6 3/32” 7.0 6*0 Sound weld
NBW 13 90 4.0 1 .6 1/8” 6,5 5.5 Sound weld
NBW 14 90 4.0 1 .6 1/8” 3.0 0,5 Sound weld
NBW 15 90 4.0 1 .6 1/8” 5.5 4.0 Sound weld
NBW 16 90 4.0 1 .6 i / i 61 * 4.0 2.5 Sound weld
NB. The electrode used was l/8” dia. tungsten.
The rough edge specimens showed good welds for only limited 
extents. The rough edges tended to melt away from each other.
The results of these experiments showed that provided the plates 
abutted closely, the type of finish was immaterial. The extremely 
rough edge would not be recommended due to the tendency to pro­
duce a cut, by the edges melting away from one another instead 
of coalescing. In general, however, the principal risk was one 
of porosity through atmosphere entrapment.
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The data in Table 6,5 served to check for dissimilar welds re­
sults found previously in similar metal welds, and as a result of 
these series of experiments, a fine emery finish was adopted for 
all subsequent work.
TABLE 6,5.
Specimen Edge Prep. Weld width 
(Top)m.m.
Weld width 
underside m.m
Remarks
N B W  1 rough as 
rolled
4,0 1.0 Most of specimen 
cut rather than 
welded
NBW 2 fine emery 5.0 3.5 Sound weld
The current used in both specimens was 60 amps. The traverse rate 
was 4.0 cm/min (l.5t7/min.), and the arc length was l/8n. As in 
Table 6.4 experiments, a l/8” dia* electrode was used. For all 
experiments in this series the working pressure was 56 cm. Hg.
It was noted that dissimilar metal welds appeared to give a 
better quality finish. Vanadium melted first. The Niobium-Van- 
adium alloy, at least initially, appeared to have a lower melting 
temperature than either Niobium or Vanadium, which it was thought 
might be a stage of composition corresponding to the lowest melt­
ing alloy of the system (Fig. 8.2, Chapter VIII)* ^
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Discussion.
There were several important points which were noted as a 
result of the above experiments.
1. In the preparation of specimens for welding, it was 
usual practice to degrease thoroughly with trichlorethylene after 
final edge preparation. Failure to do this led to heavily stain­
ed welds o' In Fig 6.1, the staining effect of residual etchant
is shown on Vanadium (left), and residual grease on Niobium (right).
2. The effect of super-heating at the ends of short spec­
imens necessitated the use of longer ones to give a reasonable 
length of parallel-sided bead. Comparison is clearly seen in 
Fig. 6.2.
3. The most serviceable and practical edge preparation was 
found to be fine emery (00 or 000). The effects of two types of 
preparation are shown in Fig. 6.3. On the left, cutting, and on 
the right, a sound weld where a fine emery finish was used.
4. In dissimilar metal welding, the edge preparation was 
found to be important due to the fact that Vanadium tended to
melt away from the Niobium, which remained solid for a comparative­
ly long time after the Vanadium was molten, hence preventing the 
Vanadium from coalescing with the Niobium. The edges had to be 
close fitting and alignment accurate.
5. The effect of change of current and traverse rate on
FIG. 6.1
i 0 8
FIG. 6.4
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bead width and penetration was clearly demonstrated. In Fig, 6.4, 
the increase in head width corresponding to a current increase from 
50 to 80 amps is seen in bhe specimen on the left (Vanadium),
On the right the change was 60 to 90 amps (Niobium), The start of 
the welds are at the top of the photographs. In Fig. 6.5* the 
undersides of two Niobium welds are shown. On the left, a traverse 
rate of 2 .5 ins/min, (6 .3 cm/min.) was used, and on the right 
3ins/min. (7,6 cm/min,)• The current was 60 amps in "both cases.
In Fig 6.6 , sound welds are depicted. A Mobium-Vanadium weld 
(underside) is shown on the left (NBW/ 2 ), and on the right, the 
upper side of a Vanadium weld (VW 2).
Tables 6 .6 and 6.7 give results of series of experiments 
designed to show that at constant current, increase in traverse 
rate decreased head width, and at constant traverse rate increase 
in current increased head width. The figures given for head width 
only apply to the extent of the fusion zone as it appeared on the 
surface of the joints, hut nevertheless they give an indication 
of what might he termed Mweld spread”.
The graphs Figs, 6.7 and 6 ,8 show the results of the ex­
periments. Traverse rate is plotted against head width (upper 
side only).
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TABLE 6.6.
Variation of Traverse Rate*
Constants*- Pressure 56 cms Hg, Current 60 amps, Arc length l/8”, 
Edge preparation, fine emery. 3/32" Tungsten electrode. ' ,
Specimen Travex
cm/min.
■se Rate 
ins/min.
Weld width 
top.(m*m.)
Weld width 
underside(m,m.'
Remarks•
NBVW 4 1.3 ,0.5 . 5.5 4.0 Sound weld
NBVW 5 2 .0 0.75 5.5 4.0 Sound weld
NBVW 6 2.5 1 .0 0 5.5 4.5 Sound weld 
Stain on V
NBVW 7 3.2 1.25 5.5 4.0 Sound weld
NBVW 8 3.8 1.50 4.5 3.5 Sound weld
NBVW 9 4.5 1.75 4.5 2.5 Stain on V
NBVW 10 5.1 2 .0 0 4.0 2.5 Sound weld
NBVW 11 5.7 2.25 4.0 2.5 Stain on V
NBVW 12 6.3 2 .5 0 4.0 2.5' Sound weld
NBVW 13 7.0 2.75 4*0 1 .0 Sound weld
NBVW 14 7.6 3 .0 0 2.5 - Incomplete
penetration
NBVW 15 8 ,2 3.25 4.0 — --- it......
NBVW 16 8 .8 3.50 1 ,0 - U
NBVW 17 9.4 3.75 1 .0 - If
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TABLE 6.7 
Variation of Traverse Rate.
Constantsa- Pressure 56 cm.Hg, Current ?0 amps, Arc length l/8", 
Electrode 3/32", Edge Preparation Pine Emery,
Specimen Travers*
cm/min.
t
3 Rate 
in/min.
Weld width Jweld width 
top (m.m) 1underside(m.m)
Remarks
NBVW 18 1.3 0 ,5 0 7.1 6 .5 ' Sound weld~^
NBVW 19 2.0 0,75 6,5 5.8
3 =Some stain
NBVW 20 2,5 1.00 5.9 4.7 Stained x
NBVW 21 3.8 1.50 5.9 5.3 Stained
NBVW 22 5.1 2,00 5.9 5.9 Some stain
NBVW 23 6.3 2 .5 0 5.3 4.7 Some stain
NBVW 24 7.5 3.00 5.3 1.6 Little stain
NBVW 25 8.8 3.50 3.2 0.8 Little stain
NBVW 26 10,1 4,00 3.2 0.8 Sound weld
Specimens marked m were given a vacuum outgassing treatment 
at 1200°C for two hours "before welding. Since staining was still 
prevalent, it was assumed that the stain.was.a product of the 
chamber atmosphere.
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In all experiments, the standard preparation of specimens,
, \ 
developed previously, was used. Their dimensions were 4" x 3/4”
x l/l6" and they were mounted in the apparatus, and generally 
treated, in a precisely similar manner in each case. The equip­
ment functioned in compliance with standard techniques developed 
in earlier work.
Prom Figs, 6,7 and 6.8 it will he noted that the points 
show a tendency to segregate into discreet hands. Thus, as the 
traverse rate increased uniformily, the head width decreased in 
a series of jumps. This gives the appearance of a traverse rate 
scatter hand which is more diversified in the case of the 70 amp 
curve than it is for the 60 amp curve. Curves of this type are 
limited at their extremities hy the effects of too fast a traverse 
rate or too slow a traverse rate. For example, at 60 amps, if 
the'traverse rate exceeds 4 ins/min, (10.1 cm/min.), no weld re­
sults since the material does not have time to fuse before tho 
arc has moved away, and thus does not receive sufficient energy.
On the other hand, a traverse rate of less than 0.5 in/min,(l.26 
cm/min.), causes a large amount of material to ifuse for which 
there is no mechanical support, the surface tension of the molten 
metal heing insufficient to withstand the weight of the pool.
This results in a complete collapse of the pool, and a out instead
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of a weld running the length of the specimen.
At 70 amps the problem of cutting became more acute, hut
it will he noticed that one specimen was successfully welded at 
a traverse rate of 0,5 in/min, (1 ,2 6 cm/min,), the head heing 
very wide. Several other specimens were unsuccessful. At the 
same time, however, the higher current value allowed a faster 
rate of traverse with narrower head widths and this meant,that it 
was possible to use higher traverse rates and still obtain a weld, 
provided, the current was high enough. This is clearly seen by 
comparing the 70 amp curve with the 60 amp curve.
At 50 amps, it was only possible to obtain a weld over the 
complete length of the specimen at traverse rates helow 1.5 ins/min 
(3o8 cm/min,). This was due to the low energy input heing in­
sufficient to bring about fusion of the specimen until the pre­
heating effect described earlier became apparent. Sound welds 
were obtained at traverse rates below 1.0 in/min.(2.54 cm/min.), 
but above this penetration was incomplete. The results for this 
graph-were considered unreliable. This remark may also be app­
lied to the curve for 80 amps, and hence both curves are shown 
as broken lines. Below 2.5 ins/min, (6,3 cm/min,) traverse rate, 
cutting occurred, whilst welds were still obtained at rates
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approaching the maximum capability of the traverse motor,6 in/min. , 
(15,2 cm/min.), although the penetration was poor. The range of 
weld stability appeared to be reduced at 80 amps. By this is meant 
the traverse rate field between no weld (or a poor one), and cutting.
Undoubtedly, the most useful range of current for welding 
Niobium to Vanadium was between 60 and 70 amps., and the traverse 
rate between 1 in. and 2 in/min.(2.54 and 5*1 cm/min.) Obviously, 
this applied only to the materials of l/l6” thickness on which 
it was the purpose of this investigation to concentrate. With 
thicker and larger specimens, these curves would require revis­
ing, since energy requirements would be greater in order to allow 
for higher conduction losses and extra mass of material. With 
smaller specimens, the reverse would be true.
Allowance must also be made for the physical properties of 
materials other than Niobium. For instance, those with higher 
melting points would require higher currents to produce welds 
with beads of equivalent spread, all other factors being equal.
The curves demonstrate that there are optimum conditions 
of current and traverse rate, conducive to the production of 
sound welds,-which may be obtained by a logical series of ex-
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periments conducted on lines described above. The conditions 
and techniques, having been established, may be applied to the- 
production of similar and dissimilar welds for the purpose of 
further investigation,
l.
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CHAPTER VII.
THE FUSION WELDING OF VANADIUM AND NIOBIUM.
Introduction.
Examination of the macro- and microstructures of Niobium 
and Vanadium welds was carried out. The technique adopted was 
a straight-forv/ard examination of transverse specimens. These 
were cut from the uniform bead zone of the welded specimen, and 
mounted in bakelite. Normal polishing routines wore used.
The etchant for the Niobium specimens proved a difficult 
choice, and several recognised etches , including electrolytic 
types, were quite unsatisfactory. During some investigations 
in another field, some time was spent in developing an etch which 
would be suitable for the purposes of the investigations in hand. 
This led to the development of the entirely new etchant mentioned 
in Chapter II. This etchant was basically ferric chloride with 
critical additions of hydrofluoric acid. It was non-electrolytic 
and did not require heating. It enabled the structures of Niobium 
and Niobium-Vanadium welds to be studied without the presence of
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etch-pits, which often produce misleading results.
The Structure of Vanadium Weldsa
The structures of these welds were relatively simple in 
all the specimens examined, and in each one ranged from the 
fibrous, heavily worked structure, through the fine grain re­
crystallised region of the heat-affected zone, to the extremely 
coarse grain of the fusion zone. A sequence of these structures 
is shown in Figs. 7*1 7-4 inclusive. From these it can be
seen that the fusion zone grains are large by comparison with 
those of the heat-affected zone. Porosity was limited, which was 
a. rather unexpected feature of the Vanadium welded specimens due 
to a high oxygen content (1200 p.p.m.) in the base material.
It will be noticed that the transformation from worked to 
cast structure was gradual. It can be said, therefore, that this 
structure represented a typical weld between similar pure metals, 
producing structures which would have been easily predicted and 
expected under normal conditions. Of the many Vanadium welds 
carried out, no departure from these structures was observed.
With regard to changes.in hardness across such welds, the 
results show a condition which would be expected to occur.
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Fig* 7.5 shows the results of two such plots, and the signific­
ance of these is discussed at a later stage.
The Structure, of Niobium Welds*
JL typical example of a Niobium weld was chosen for partic­
ular survey and examination. The specimen was welded at JO amps., 
and according to developed techniques. It was sectioned trans- - 
versely, mounted, polished, and after a preliminary examination 
in the unetched condition, was etched in the Niobium etch spec­
ially prepared. Fig. 7*6 shows the macrostructure of the area 
of the weld, including fusion and heat-affected zones. The re- 
crystallised-^ comparatively fine grain structure of the heat- 
affected zone is clearly shown, together with the coarse grain 
of the fusion zone. Some of these grains appear to be extremely 
large, in one case extending almost over the entire cross-section 
of the specimen. Beyond the heat-affected zone, the structure 
was typical' of heavily worked material.
The occurrence of the porosity was of interest since it 
will be noticed that it was confined to the boundary between 
fusion and heat-affected zones. Whilst this is not an uncommon 
feature due to the relative insolubility of oxygen at temperatures 
just above the melting point of Niobium, what is significant is
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that the pores clearly follow a liqiud-solid “boundary and that 
the shape of this boundarjr is distinctly curved. This is well 
illustrated in Figs. 7.7? 7*8, and 7*99 and will be discussed later.
The quantities of dissolved gases was very small in the 
material before welding. Inevitably, some was picked up during 
the process, which would not only lead to an increase in hardness 
of the subsequently solid fusion zone, but would result also in 
a decrease in the melting point (and*freezing point, presumably) 
of this area. Schofield"** has shown the effect of gas contents 
on the melting point of Niobium;,(Fig.5«3). It can be seen that 
the influence of 1% by weight of oxygen or nitrogen, will de­
crease the melting point by about 90°C.
A Vickers hardness traverse conducted on this specimen 
and others similar to it, revealed a variation exemplified by 
the curve shown in Fig. 7c 10. It will be noticed that the troughs 
in the curve correspond to the interfacial areas between fusion 
and heat-affected zones.
Additional features of the structures shown in Fig 7*7 are 
the faint but definite semi-circular markings in the fusion zone 
which give the impression of a multi-run weld structure* It was
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thought that these were the markings of successive solidification 
fronts, and it is interesting to note that there are a further set 
at each side of the zone, and that these are V-shaped, pointing 
inwards* It is considered that these markings represent the 
positions of the liquid-solid interface at stages during solid­
ification, where the progress of the interface had "been tempor­
arily arrested, probably allowing dissolution effects to re-occur 
on a short-time basis« The cause of the temporary break in the 
motion of the solidification front was not clear* It was possible 
that it was due to a local temperature arrest resulting from 
the build-up of energy released on solidification* Until this 
was dissipated, solidification did not proceed,.
There was also the possibility that slight irregularities 
in the motion of the electrode caused arrested solidification, 
but this could not be ascertained, since the rate of electrode 
movement was too slow for a jerking motion to be observed. There 
was no apparent movement to account for the phenomenon.
Discussion.
The Hardness Curves. ’
The contours of the hardness curves for the Vanadium and 
Niobium welds may be explained on a basis of gas contents* The
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relatively high levels of hardness of the extremities of the 
specimens were due to the severe cold work undergone by the 
material during preparation. The recrystallisation temperatures 
are in the region of 1200°C for Vanadium and l600°C for Niobium, 
so that no depreciation in hardness would be experienced until 
the fusion zone was closely approached, and it follows that the 
heat-affected zone will be correspondingly narrowa In this zone, 
stress relief and recrystallisation would cause pronounced soft­
ening, giving the trough existing either side of the fusion zone 
peak* The fusion zone peak itself would be due to the absorption 
of oxygen and nitrogen, even though probably in small quantities, 
with the effect of an increase in hardness•
The minimum hardness in the troughs will be governed by 
three phenomena: (a) Recrystallisation in the heat-affected zone,
(b) Degassing, some of which will occur just inside the fusion 
zone due to a decrease in solubility at this critical temperature, 
and (c) Diffusion of gas from the comparatively high content of 
the fused material to the low content of the base metal. ' (a) and 
(b) will tend to decrease the hardness:, though the immediate 
heat-affected zone will tend to absorb some of the gas evolved and 
thus partly offset the softening effect of recrystallisation, (c) 
will tend to increase the hardness of this region, and the net "
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result is the curve shown in Pig. 7*10* However, the differences 
in hardness between these adjacent regions may be so small that 
they are undetected, and thus only an average position for the 
trough is possible.
Fusion Zone Boundary Curvatures a proposed explanation.
Now remembering the influence of gas content on melting 
point, for instance in Niobium, it follows that the material of 
the low hardness troughs will have a higher melting point than 
that of the fusion zone hardness peak. Even though the fusion 
zone is in a state of turbulence, a thin layer of quiescent liquid, 
where the gas content is lowest, the ‘melting temperature of which 
is higher than that of the main body of the fused metal, will 
exist in association with the solid base metal. It will also be 
lower than the melting point of the base metal, and it is con­
sidered, therefore, that conditions at the interface are those 
associated with dissolution of solid Niobium in liquid Niobium, 
and not direct fusion. It is realised that the superheat of the 
fusion zone will be much higher than the difference in melting 
point between peak and trough, which is found to be about 15°C 
on reference to Fig. 5*3? "but the temperature gradient in the 
quiescent zone may be steep, so that over a short distance, dis­
solution conditions can prevail. Following initial fusion, the~
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liquid-solid interface will move outwards by melting until such 
a position where the energy dissipated is equal to that received* 
If the interfacial material contains less absorbed gas than the 
general fusion zone it will require more energy for fusion than 
the central areas* Hence the boundary will not move out from the 
centre as far as would be expected# The fusion material has a 
melting point below that of the base material at the interface 
and hence only dissolution can occur* The influence of the 
degree of superheat in the fusion zone would seem to overshadow 
any possible dissolution effects, but the curved interfaces, 
clearly visible in the Niobium specimen, strongly suggest that the 
process at the fusion zone extremities becomes one of dissolution.
Reference.
1. Schofield T.H., "The Melting Point of Niobium." J. Inst*
Met. 1957, E£, 372-3.74.
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CHAPTER VIII,
THE FUSION WELDING OF NIOBIUM TO VANADIUM.
Introduction.
The Tongue Effect.
As indicated previously, the basis of the investigation 
in the present work was the welding of the dissimilar rare metals. 
The preliminary experiments served not only to assist in the 
development of techniques and to ascertain the performance of 
the equipment, but also to determine the welding characteristics 
of some of the metals in question under conditions obtaining in 
the apparatus. Having established suitable techniques in this 
way, and having found that there were no particular difficulties 
in welding the materials to themselves, it was possible to carry 
out the first dissimilar welds, using the techniques based on 
those developed during the preliminary experiments. The metals 
welded first in this manner were Niobium and Vanadium.
Following methods described earlier, the routine section­
ing of welds was carried out, to determine the extent of the q
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fusion and heat-affected zones, and to examine the structures 
resulting from the welding operation.
Immediately, an unusual feature was noticed. The boundaries
between fused and unfused material were remarkably well defined,
and whilst that on the Vanadium side was a fairly straight,
inclined line, like one side of a "V", the Niobium side had a
distinctive boundary shaped like a "tongue" protruding into the
fusion zone. This is clearly illustrated in Fig. 8.1. Several
of these specimens were produced under similar conditions to
ensure that the combination of circumstances was not producing a
freak result. But in all cases, the effect was clearly shown -
a normally inclined Vanadium boundary, and a protruding "tongue"
Niobium boundary. No authority had previously reported the
effect, and none was able to fully explain it when approached on
the matter. The precise significance of the formation of the
tongue, with regard to mechanical properties of the joint, for
instance, was not apparent at once. Exhaustive experiments
were carried out to ascertain the conditions of, and to attempt
to establish a mechanism for, the formation of the tongue,
1 2Suggestions have been reported by the author 9 , and it was 
mainly in this direction that experimental work was concentrated. 
These experiments and others related to them are described in
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detail at a later stage in this Chapter,
2Of a number of suggested explanations, that of dissolution 
appeared to he the most attractive, since theoretically it was 
the only one which explained adequately the particular form of 
the boundaries. The influence on this mechanism of the form­
ation of intermetallic compounds, the relative thermal properties 
of the metals concerned, as well as their densities* were import­
ant considerations which had to he taken into account. In add­
ition, it was not known to what extent temperature gradients, 
traverse rates, or various current-settings affected the form­
ation of the tongue, nor what other properties such as latent 
heat of fusion were of importance0
The Niobium and Vanadium welded specimens in which the 
tongue effect was first observed were in sheet form, l/l6,r x 3/4” 
x 4” and were in the as-welded condition. They were welded 
under conditions and techniques which had been established pre­
viously during proving trials of the apparatus (Chapter Vi), In
this case, the experiments undertaken were to establish bead- ,
width/traverse rate relationships, and also the effects of
current variation on bead-width at given traverse rates for
this particular couple. Since these were the first dissimilar
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welds to be made, it was decided to section some in order to 
study the weld structure* This resulted in the observation of 
the tongue-shaped boundaries* It was realised that the alloy 
formed would be a solid solution as indicated by the thermal 
equilibrium diagram for the system (Fig, 8*2), which shows a 
continuous series of solid solutions with a minimum*
The observation of the tongue provoked much interested 
speculation regarding its formation. However, after due con­
sideration it was felt that the most probable mechanism was one
of dissolution of Niobium in molten Vanadium* This view was later
3
reinforced by Stephenson who carried out some corroborative 
experiments following the author’s own work on the Copper-Nickel 
system which is discussed later*
At this stage the mechanism which seemed appropriate was a 
comparatively simple one. Heated by the arc, the Vanadium was 
quickly melted and was observed to run into the Niobium, forming 
a bond, or fluid bridge* The temperature in the region of the 
metal surfaces appeared to be such that the Niobium could not 
be effectively melted itself unless the current was raised.
Since this was not done, the Vanadium was the agent which seemed 
to bring about the bonding reaction. This gave the weld a normal
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appearance of formation during the process, and also on outward 
examination afterwards there was no indication of the internal 
contours of the fusion zone/heat-affected zone interface*
The formation of the tongue itself, could have been brought 
about by stages. In the first stage tne Vanadium melted and form­
ed a small Vanadium-rich pool which, being very fluid, ran into 
the Niobium and down between the abutting edges of the Niobium 
and Vanadium platest In the second stage, this fluid Vanadium- 
rich liquid, constantly increased in volume by further melting, 
dissolved the Niobium faster at the corners than at the faces due 
to energy concentration effects, eventually arriving at an equil­
ibrium condition. To do this successfully would require the 
solvent to be in a constant state of agitation and at a reason­
ably constant temperature. This latter aspect would be brought 
about by agitation, which might be either thermal or due to eddy 
currents set up under the influence of the arc. If this dissol­
ution process was valid, the tongue as observed was probably close 
to the final stage, or the equilibrium condition* Several quest­
ions thus became important? what was the relative importance of 
melting points, specific heats, densities and thermal conduct­
ivities? Do the proportions of metals used in a given time to 
form the fusion zone determine the location of the alloy in the-
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equilibrium diagram? Is it possible to assume that equilibrium 
of heat and solution conditions is reached as the electrode passes? 
Do a series of alloys form across the fusion zone? What is the 
effect on the mechanical properties? Does the tongue effect 
occur in other systems?
To answer some of these questions, and to try to establish 
the correctness of the dissolution mechanism, it was decided to 
carry out some experiments which would give a series of trans­
verse sections showing the formation of the tongue in stages.
The Structure of Niobium-Vanadium Welds0 
Metallographic Examination.
The examination of the welds was carried out in a manner 
similar to that already described for Niobium and Vanadium spec­
imens .
The results of these examinations showed that the bound­
aries between the parent metals and the fusion zone were abnorm­
ally sharply defined, and that between the fusion zone and the 
Niobium plate was found to be of the novel shape (Fig. 8.1).
At higher magnifications the grain structure of the fusion zone 
and of the base metals was clearly revealed. The fusion zone "
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was single phase and consisted of irregular grains showing no 
other evident features such as coring or a pronounced dendritic 
structure. Some porosity was observed. This was found in assoc­
iation with the Vanadium interface, and was due to the presence 
of a high proportion of oxygen (1200 p.p.m.) in the Vanadium base 
metal. (The gas is rejected in regions having a critical temper­
ature of about 1900°C. Sufficient time is available at the fusion 
zone interface for a quantity of gas to be evolved before the on­
set of solidification. The remainder of the fusion zone cools 
too rapidly to allow gas evolution on a large scale.).
The base materials, both Niobium and Vanadium, showed 
typical recrystallised structures, as would have been expected, 
since they were severely cold worked before the welding specimens 
were made.
The interfaces provided the main interest in this system. 
Even at magnifications of 3 000 X, no gradation of structure from 
fusion zone to heat-affected zone could be detected. There 
appeared to have been no incipient fusion in the zones immediate­
ly in oontact with the weld-pool, which suggested that the bound­
ary was an extremely abrupt change from pure parent metal to 
fusion zone material.(Fig. 8.3)* In addition, there was distinct
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evidence of epitaxial growth of fusion zone grains. Thorough 
examination of the "boundaries on both sides of the fusion zone 
revealed these features.
Micro-hardness Traverse. .
Micro-hardness traverse tests were undertaken, and an 
example is shown in Fig. 8.3 and the graph in Fig. 8.4* The 
traverse was taken across the weld from Niobium to Vanadium so 
that it passed through the tip of the Niobium tongue. The graph 
shows that the change in hardness from the parent plate to the 
fusion zone was abrupt, and that on each side of this boundary 
the hardness was more or less uniform. This would seem to in­
dicate that the composition of the fusion zone remains constant 
from one side to the other, and that any gradation band at the 
edges is very narrow indeed, and undetectable by normal micro­
hardness procedure. Other methods, such as electron-probe micro­
analysis might detect composition changes on so small a scale.
Additional hardness traverse tests made across the tongue
from top to bottom of the weld showed similar results.
This information led to the theory that the fusion zone
as a whole had an invariant composition, and did not consist of
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a series of alloys representing the complete thermal equilibrium 
diagram for the Niobium-Vanadium system, hut was mainly some 
principal alloy, with probably extremely thin zones of alloy 
composition gradation at the edges* This, in turn, would imply 
that the stirring action during the period for which the alloy 
was molten, was efficient, though it should not be forgotten that 
diffusion in the liquid state is very rapid. It would indicate 
also that the temperature of the pool could be regarded as pract­
ically constant throughout the section, with the exception that, 
at the interfaces, a steep gradient would exist. However, it has 
already been stated that it was considered that the formation of 
the tongue was by the dissolution of Niobium in molten Vanadium 
initially, and subsequently by Niobium-Vanadium alloy. If this 
is accepted, then the boundary between Vanadium and fusion zone 
material is in fact a temperature boundary, whilst that between 
Niobium and fusion zone material is a dissolution boundary. If 
the temperature at the Vanadium interface was'equal to that of 
the melting point of Vanadium, this would represent the temper­
ature at which Vanadium was being melted off to form alloy. At 
the same time, if the temperature at the Niobium interface was 
less than the melting point of Niobium, then the Niobium inter­
face would be a dissolution contour and not a temperature contour. 
However, the temperature at the.. Niobium interface is likely
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to "be that of the stable Niobium-Vanadium alloy, since it is the 
formation of this liquid alloy which controls the process. This 
was demonstrated in a series of experiments designed to show how 
the Niobium tongue was formed, and to attempt to show that dis­
solution was the mechanism.
Mechanism Determination Experiments.
It was realised that if the formation of the weld occurred
by a gradual solution of Niobium, it should be possible to obtain
specimens in which the tongue was shown in various stages of
completion. In other words:, in stages approaching an equilibrium
condition. It was felt that this could be achieved by traverse 
rate variations. The time required for the equilibrium positions 
of the interfaces to be attained would depend on the energy 
available, i.e., the current input, and also on the rate of elec­
trode travel, which means that the heat energy available per unit 
volume of material would govern the rate at which equilibrium was 
attained. If the rate of traverse was too fast, then some stage 
between the onset of fusion and the completion of the equilibrium 
interfaces would result. On the other hand, a slower traverse 
rate would show the equilibrium contours. This assumed, of' 
course, that equilibrium’Was achieved at all in the process, but 
this would also be demonstrated. It seemed that at the traverse
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TABLE 8*1
Welding Conditions for Mechanism Experiments*
Specimen Figure. Traverse Rate: ins/min0 cm/min.
A 8.5 3.0 7.2
B 8.6 2.5 6.3
C 8.7 2.0 5.1
D 8.8 1.5 3.8
E 8.9 1.0 2.5
Thw welding current was 70 amps# in all cases.
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rates used* and the temperature attained, equilibrium would occur 
rapidly*
For this series of experiments, standard specimens of 
Niobium and Vanadium were prepared* The current, throughout the 
series was maintained constant at 70 amps*, and the sections ex­
amined were taken from the central parallel region in each case*
A table of welding conditions is given,(Table 8*1), The results 
of the experiments are shown in Figs* 8,5 - 8*9* They show quite 
conclusively that a progressive reaction has taken place* The 
contours conform closely to those expected from the theoretical 
considerations discussed previously. It will also be remembered 
that in the earliest stages of formation, it was suggested that 
some of the first liquid alloy formed, Vanadium-rich, would pene­
trate down between the edges of the plates. Also, it was stated 
that the alloy composition throughout the process should remain 
virtually constant after the initial dissolution by molten 
Vanadium had occurred. To assist in establishing the truth of 
these ideas, micro-hardness measurements were taken in all cases, 
and these are summarised on the following page*
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Specimen Position,, VPF
A Fb parent plate 120
” 0*1 m«m* from above 204
" 0.1 m.m* from above 140
(in Vanadium)
A Fusion zone close p-j-
to Fb interface
11 Fusion zone 0.1 m.m pso
from Niobium
n 0*1 m.m* from above 280
B Close to Fb inter-
face 288
11 0.1 m.m. from above 217
n 0,1 m.m. from above 244
C Close to Fb inter­
face 204
!f 0.1 m.m. from above 232
" 0,1 m.m. from above 268
D Close to Fb inter­
face 268
” 0.1 m.m. from above 301
E Close to Fb inter­
face 244
11 0.1 m.m. from above 26l
11 0.1 nunio from above 226
Remarks
) Taken across abutted 
j edges showing weld metal 
) penetration not visible . 
I photographically but vis— 
) ible under microscope
\ Slight hardness grad—
{ ation.
rather low
probably rather high
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The significance of these figures will he discussed later on in 
this Chapter, Each value of hardness is the mean of three in­
dividual measurementss
The reason for the wetting of the undersid.e of the Niobium
N
by the Vanadium was probably due to the surface tension of the 
liquid Vanadium being low at 2000°C, which would tend to assist 
the process. This seemed most likely, but there was the possib­
ility that a dissolution reaction between Vanadium and Niobium 
oxide, which would be a surface reaction due to the surface film 
of Niobium oxide, might be responsible for the rapid wetting of 
the Niobium, though in general, in metals other than reactive 
types, this has been found not to be the case^.
Attempts were made to prevent the Vanadium from wetting 
the under-surface of the Niobium. Two methods were adopted: 
chilling and spraying with a coat of refractory material.
In the standard welding run, the two abutting edges were 
placed over the channel running down the centre of the backing 
plate, (Fig, 4,4). For the purposes of the chilling test, the 
weld was carried out on a copper backing plate without a channel, 
so that the whole under-surface of the Niobium and the Vanadium
1 5 0
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was in contact with the relative heat-sink of the Copper, which 
also provided a physical harrier* The resultant welds had normal 
exterior appearances, hut did show a limited under-head width*
On sectioning, it was found that the tongue had not heen prevent­
ed, hut was lower down in the section, and had a limited under­
side area* (Fig* 8*10)*
The experiment in sprayed coatings was only partially 
successful* The Niohium was plasma-arc sprayed on the underside 
with alumina, right up to the edges intended for welding. It was 
not allowed to encroach over the. edges. Normal hacking plates 
were used, and the resultant welds showed similar restriction of 
the tongue when compared with the chilled specimens, although 
not as convincing. It was felt that the alumina was not a suf­
ficient harrier for the prevention of the wetting of the underside 
of the Niohium hy the fusion alloy, and on the contrary, may 
have assisted the process* It would almost certainly he removed ■ 
hy the alloy as it proceeded, and thus he lost as a protective 
agent.
However, the results of these wetting tests showed that 
thoi formation of the tongue-shaped interface depended upon the 
encroachment of fused material to the underside of the Niohium.
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This did not prove that the process following was a solution 
process, hut it did suggest the reason for the shape of the inter­
face, and together with the evidence of early contours, it helps 
to establish the case for solution* The measurement of temper­
atures attained during the welding process, at the boundary of 
fusion and heat-affected zones, would provide further evidence, 
since an interface temperature less than the melting point of 
a particular metal would infer a process other than direct melt­
ing at the boundary.
\
Discussion.
At this sta,ge, it is not proposed to discuss the dissolut­
ion process in detail* The important conclusion of the above 
experiments is that the evidence is in favour of a dissolution 
mechanism, and the actual mechanics of the formation of the weld 
have been amply demonstrated, not only hy showing the influence 
of current and traverse rates on the formation process, hut also 
as a result of the hardness measurements carried out on the welds 
at various stages of completion. From these data, it can he con­
cluded that the initial alloy is softer than those following, 
which helps to establish the first part of the process, since this 
one is presumably the Vanadium-rich alloy. Subsequently, the 
hardness of the fusion zone in the vicinity of the Niobium inter-
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face remains the same within fine limits, and thus indicates that 
the composition does remain, in fact, approximately the same during 
the whole process. It was not possible to carry out chemical 
analysis on the same series of specimens because of the difficulty 
of obtaining analysis samples from the partly formed fusion zones. 
However, chemical analysis of fully developed fusion zone material 
was possible, and the results of these are discussed in detail in 
Appendix I, together with those of another method of obtaining 
approximate compositions for the fusion zone material. But anal­
ysis figures for Vanadium in the fusion zone were found to give 
a value of 28.8 at*$ (71*2 b), which was enlightening, since it
was thought that the composition would lie near the minimum at 
22,8 at,$ Niobium. Though the analysis was repeated twice, a 
similar figure was produced each time, which seemed to preclude 
analytical.error, though not necessarily sampling errors. The 
difficulty in taking fusion zone samples on so small a scale 
will be appreciated, and avoiding the tongue was the main problem. 
But measurement of the areas of the two metals used in the cross- 
section of the fusion zone (See Appendix I) tended to substantiate 
the chemical analysis results. The assumption at this stage was 
that the fusion zone alloy was not yet the equilibrium composition 
when solidification occurred. But if this were the case, a 
Vanadium-rich alloy would be expected. Thus in this system the
154
influence of the minimum appears to have had no hearing on the 
process, except for possibly allowing a rapid rate of dissolution,
v *
1 study of the physical properties of Niobium and Vanadium 
reveals that whilst atomic radii are within 8$, thermal conduct­
ivities vary by 40$, specific heats by 45$ and melting points by 
approximately 550°C„ Densities also vary by nearly 30$, Only 
specific heat is in favour of a high Niobium concentration.
The thermal properties of the system as a whole are more 
accurately assessed when considered as a ratio of the heat ab­
straction of the two components; This is an empirical approach, 
of necessity, but it gives an indication of the principal direct­
ion in which heat will be lost. The method takes into account all 
the thermal properties simultaneously and will show the sum 
effect, which may not be the same as that concluded by examination 
of the seperate properties/,
The method used in arriving at this ratio is described in 
Appendix I, and the values for other systems are discussed briefly 
there. For the present system, the ratio for NbsV was found
to be 2,2, i.e. the Niobium would be responsible for the loss of 
2.2 times the quantity of heat compared to the loss through Van-
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adium. This represents a state of unbalance in that the principal 
direction of conducted heat flow is through the Niobium. This 
is important at the interfaces, but has no meaning in the fusion 
zone itself. In systems of components with close melting points, 
this ratio might be the deciding factor with respect to which 
side the tongue will form.
Further information on the factors affecting tongue form­
ation was obtained from the study of systems other than Niobium- 
Vanadium, Metals having fairly widely divergent physical prop­
erties, though still chiefly in the rare category, provided use­
ful information with which a definite case for dissolution and 
its criteria was built up.
It is not proposed to discuss the actual welding experiments 
carried out on these couples. All the specimens, unless otherwise 
stated, were of standard dimensions, and were prepared in the 
standard manner. They were welded using the developed techniques 
already described, and at a traverse rate of 1*5 ins/min.
Attention will be given to the observations on these experiments, 
and they will be discussed in the light of the results obtained.
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CHAPTER IX,
THE FUSION WELDING OF TANTALUM TO NIOBIUM.
Introduction.
This is a system for which no equilibrium diagram was 
available. The metals are reported^ to form a continuous series 
of solid solutions for which the lattice parameter-composition 
curve is a straight line • Tantalum and Niobium are similar 
metals except for their respective melting points and densities. 
Tantalum melts at about 3000°C, and thus the welding experiments 
carried out with it were of a high temperature type.
The specimens were of the normal dimensions and were 
prepared in the usual manner. The welds were made at the stand­
ard traverse rate, but at two different currents, 110 amps., and 
130 amps., and the resultant welds were quite soft and easily 
cut for sectioning. But the sections were extremely difficult 
to prepare scratch-free for microscopic examination, though 
great trouble was taken to prevent damage.
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The Structures of the Welds.
Metallographic Examination.
In Pig* 9*1 * the transverse section of a specimen welded 
at 110 amps, is shown. The tongue was in an early stage of form­
ation as indicated hy the squared end and the extent of the wet­
ting on the underside. The porosity at the Niobium side was 
surprisingly considerable, but it did provide a clear demarcation 
of the fusion zone-Niobium boundary.
In Pig. 9®2, a section of the Tantalum tongue shows the 
polygonal grain structure of the parent metal, and the featureless 
fused alloy. Pig. 9®3 shows the Niobium boundary with the exten­
sive porosity and large grain size of the immediate fusion zone. 
On the right oi“ the picture, the fine grain recrystallised 
Niobium parent plate is visible.
In Pig. 9*4, the Tantalum-fusion zone interface is shown, 
from which it can be seen that no gradation of composition is 
apparent, though one would exist. The large grain size of the 
fusion zone alloy is illustrated in Pig. 9*5* Tke uniformily 
distributed black dots were thought to be etch-pits.
Por the second specimen, illustrated in Pig. 9®6> a current
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of 130 amps, was used, with the result that a much later stage in 
the formation of the tongue was allowed to develop, due to the 
supply of a greater quantity of energy. The weight of the fusion 
zone was nearly sufficient to cause complete collapse, hut this 
was arrested as the electrode moved away from the area. However, 
the Niobium interface was affected in that following the form­
ation of the thinned section on that side, the interface between 
the Niobium and the fusion zone appeared to have moved to a new 
position indicated by the boundary to the left of the large pores, 
shown in Pig, 9*8® This would arrest the rate of alloy formation 
in the pore area which probably went solid at this stage, and 
account for a rather sharply defined boundary with the fusion 
zone, since the two areas would subsequently develop a composit­
ion difference.
The tongue in the Tantalum is shown in Pig. 9*7® It 
reached a much later stage in development, and the illustration 
shows a narrow band of composition variation, which would cor­
respond to a limited pasty region existing during the dissolution 
process.
Micro-hardness Traverse.
A typical micro-hardness traverse is shown in Pig. 9*9®
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The principal feature is the peak associated with the Tantalum- 
fusion zone interface, followed "by a distinct dip in the fusion 
zone itself# The gradual rise in the hardness of the parent 
Tantalum as the interface is approached is rather unusual, since 
it occurs in an area which is not under the influence of solution 
hardening. The same remarks may be applied to the Niobium side, 
except that in this case, maximum hardness is built up at least 
0,5 m#m# inside the fusion zone, and not on the boundary# The 
reason for this was probably due to a large proportion of Niobium 
in the region, having been freshly fused, and with insufficient 
time for Tantalum enrichment to occur# This may happen at the 
peak, however, where the proportion of Tantalum becomes such that 
a decrease in hardness results, subsequently, indicating that the 
strain in the Tantalum caused by Niobium was less than that 
associated with Tantalum in Niobium.
Discussion.
A possible explanation of the Tantalum hardness peak could 
lie in recrystallisation brittleness. Such an effect is known 
in Titanium which has a critical temperature of 800°C, also in 
Molybdenum, 9 0 0 ° - 1200°C^, and similarly in Tungsten, 1000°C#
It is felt that this could lead to a relatively high hardness 
value in the Tantalum recrystallised zone, though no figure for
16 5
the critical temperature for Tantalum was found# Alternatively, 
the effect of diffusion of interstitials in this region may he 
responsible for the peak, especially since it lies outside the 
fusion zone# The absence of a dip in the curve before the fusion 
zone indicates that pick-up rather than degassing occurred in 
that region#
However, the graph does show the effects of a distinct and 
gradual variation in concentrations of the two metals as their 
respective boundaries are approached# It is almost certain, 
however, that in this case the fusion zone alloy was not homo­
geneous, and thus a constant level of hardness in it would not 
be expected* Normally, constancy might be expected since the
lattice parameter-composition curve for the system is a straight 
. . 2
line # Prom this it may be gathered that this particular weld 
was in a relatively early stage of formation where the equilibrium 
conditions were not established, an example which could be 
associated with the weld illustrated in Pig# 9*1• Unfortunately, 
the narrow band indicating the width of the pasty region at the 
Tantalum interface did not seem to influence the hardness traverse 
in any way# This may have been overshadowed by the hardness of' 
the parent plate in that area#
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The composition of the fusion zone, found hy graphical 
estimation, was placed at 40 a tNiobium, 60 at.$ Tantalum.
It is interesting to compare these results with those of Niobium- 
Vanadium, since the present system is one in which the ratio of 
heat abstraction tendencies approaches unity, whilst the melting 
point difference is 540°C (c.f. Nb-V, 560°C). The weld did not 
give similar proportions of solute, so that apart from melting 
points, it seemed that physical properties might not have a 
major effect on alloy composition except in certain critical 
examples. However, further confirmation from other systems was 
necessary.
Taken as a whole, this system provides an excellent example 
of the effect of melting point differences. It has many sim­
ilarities with the Copper-Nickel system, and the thermal equilib­
rium diagram is probably a continuous loop rising from Niobium 
to Tantalum with no intermediate features. The system also 
provides a good example of the effect of increased welding current 
on the stage of equilibrium attainment reached in the available 
time. In the first specimen, only an early stage was formed, 
whilst in the second specimen a more advanced stage was reached.
The width of the liquid-solid region on the equilibrium
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diagram can be judged from the absence of an appreciable zone of 
composition variation at the Tantalum interface# . This would be 
due partly to the steepness of the solid solution loop, anyway, 
but it also indicates a fast dissolution rate, especially at; 
higher currents.In the second specimen, the fusion zone alloy 
approached, equilibrium, though it was not completely attained#
References#
1* Buckle H., Zi Metallkunde, 1946, 3£9 53-56# 
2# Moss A*Ro, Private communication#
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CHAPTER X.
THE FUSION WELDING OF MOLYBDENUM TO NIOBIUM,
Introduction*
The Molybdenum-Niobium system is another for which no 
equilibrium diagram was available® However, the constituents 
are reported'*' to form a continuous series of solid solutions 
of body centred cubic structure in which the b*c,c, lattice 
parameters show a slight negative deviation from additivity*
The alloy formed in the fusion zone was extremely resistant 
to all types of etch, as a result of which no clearly defined 
structures were observed*
The specimens prepared for welding were 2M x 1” x l/l6’*, 
a size governed by the dimensions of the Molybdenum available.
The traverse rate was 1.5 ins/min. and the current required to 
weld successfully was 100 amps. The parent materials were not 
adversely affected by the process, though considerable recrystall— 
isation took place* Most of the fusion zone, however, was ex-
Nb i t § »
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tremely hard and brittle, and great difficulty was experienced 
in obtaining a specimen for micro-examination* But this was 
achieved eventually, and in Pig. 10.1 a transverse section of 
a typical weld is shown. At once, the classical outline of the 
tongue on the Molybdenum side may be seen, where it would be 
expected, having due regard to the melting point of Molybdenum 
in relation to that of Niobium. This was altogether a relative­
ly high temperature experiment, and clearly demonstrated that 
the solution effect is not limited by temperature.
The Structure of the Welds.
Metallographio Examination.
Even at low magnification, in Pig# 10.1, it is possible 
to see some peculiar effects associated with the tongue# These 
are small prominences seen apparently anchored to the surface of 
the tongue* The other important observation at this stage is 
the porosity at the Niobium interface. Pigs. 10.2 and 10.3 show 
the relationship of the position of the porosity at the Niobium 
interface, and its extent. It has been stated previously that 
gas is usually rejected, inn Vanadium, at a temperature just in 
excess of the melting point# On the evidence, Niobium appears to 
behave in a similar manner. The absence of porosity at the 
Molybdenum interface is a further argument in favour of dis-
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solution, since the indication is that the Molybdenum was not 
at its melting point hut considerably below* In this case, only 
dissolution can account for the alloy formation* Fig* 10*4 
shows a section of Fig* 10.3 at higher magnification, from which 
it can be deduced that the polygonal granular structure of the 
Niobium heat-affected zone disappears at the boundary into a 
featureless fusion zone. The boundary, however, is not a clearly 
defined line, but an irregular, often completely invisible 
division, despite the heavy etching of the structure. This has 
much in dommon with the Copper-fusion zone interface in Copper- 
Nickel weldso but contrasts with the well-defined Vanadium bound­
ary in Niobium-Vanadium welds* This latter system exhibits a 
minimum which might influence the sharpness of definition of the 
boundary at the Vanadium side, and account for the lack of 
definition in Copper-Nickel welds and in the present system, 
due to lack of a minimum melting point alloy, the inference 
being that the minimum artificially increases the differences 
in melting points between the components*
The Molybdenum interface is shown in Fig* 10*5 in which 
the contrast between the heavily etched Molybdenum parent plate 
and the comparatively unattacked fusion zone is immediately 
noticeable.
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The "prominences” associated with the "boundary can "be seen 
to be grain boundaries, together with other markings, and a 
study of Figs, 10,-6 and 10,7 shows that the interface is well 
defined and that the parent metal grain boundaries have grown 
epitaxially with the fusion zone material. The nature of the 
alloy in the immediate region of the tongue would seem to be that 
of a transition zone of high Molybdenum concentration, This would 
be expected, of course, but the extent of the zone is appreciable' 
and indicates a region of semi-solid of fairly extensive prop­
ortions on the probable equilibrium diagram, or alternatively, 
a loop approaching the horizontal, which would have the effect 
of extending the semi-solid state with respect to composition.
The markings accompanying the grain boundaries in the 
fusion zone have a wrinkled appearance which may be associated 
with stresses imposed during solidification. They are not visible 
in Fig* 10,7 which makes them difficult to establish, but they do 
serve to show the extent of the transition or steep concentration 
gradient zone. It is interesting to observe that the grain 
boundaries shown in Fig, 10,7 can be seen to meet at point P, 
on very close examination. After the dark boundary markings 
disappear, it is just possible to follow the indentations to P.
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In Pigfi 10.8 can "be seen the most unusual feature of the 
present specimen, the re-entrant in the tongue tip.- Quite clearly 
this was a semi-solid region and can he seen to exhibit character­
istics noticed with the main interface. It is by no means clear 
why dissolution should have occurred in this manner at this point, 
unless a fault or even a crack or lamination in the parent material 
was present before welding. A few small pores are visible, two 
of which seem to have forced a grain boundary to pass round them.
If a crack ?;as present before welding, the surface tension of 
lliobium in the initial molten state would probably have been 
sufficient to force it in and allowed dissolution to occur*. The 
occurrence of porosity tends to support the suggestion that a 
discontinuity existed before welding.
Micro-hardness Traverse.
Since the structure of the fusion zone could not be effect­
ively revealed, a hardness traverse was undertaken as a result of 
which it was hoped to show any composition variations. In an 
example such as this, the hardness of the alloy must be due to 
solution hardening effects rather than the presence of inter­
stitial gases. The hardness values were much too high for the 
latter reason to be entirely responsible. If no variations were 
recorded, it was felt that the main fusion zone material would be
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of one equilibrium composition, and that the Molybdenum dissolved 
further would he sufficient to account for any more Niobium melted*
The results of the traverse on the specimen illustrated are 
given on the graph Fig, 10,9* Following a decrease in hardness 
of the Niobium near the fusion zone interface, a very sharp in­
crease is evident as the boundary is crossed, and this increase 
continues to a maximum at about 270 VPN, It can be appreciated 
that most of the fusion zone is occupied by this massive "dome” 
of hardness which is followed by a sharp rise to 280 VPN with 
an equally sharp decline as the boundary with Molybdenum is 
passed. This sharp peak appears to be associated with the wrink­
led area immediately adjacent to the interface and may well be 
due to local high thermal stresses which existed in that region, 
in addition to the considerable Molybdenum concentration gradient* 
Apart from this feature, the fusion zone would have a not abnormal 
contour resulting from alloy formation, exhibiting solution hard­
ening.
The hardness of the material of the re-entrant was found 
to be 247 VPN, very close to that of alloy about 1 m.m. from the 
Molybdenum interface, and thus, reasonably, of similar composition*.
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Discussion,
This system represents a fairly simple example of the 
tongue effect.\ The experimental results show little that cannot 
he explained in the light cf previous observations, except perhaps 
for the high hardness value of the Molybdenum interface and the 
rather peculiar behaviour of the heat affected zone on the Moly­
bdenum side. The successive troughs and crests on the hardness 
graph may be explained by recrystallisation and brittle-ductile 
transformation characteristics, though these depend to a large 
extent upon the history of the material. Equally, the hardening 
effects of the oxides of Molybdenum could have a measure of re­
sponsibility. The oxide MoOg would probably be associated with 
the first peak in the heat-affected zone, whilst the second would 
be due to McO^« In those regions conditions would be conducive 
to the formation of these oxides, but the trough in between would 
be an intermediate area. The hardness peak at the interface may 
also be partly the result of interstitial concentration of a high 
order.
It would appear from the general evidence of this system that 
once again, where a considerable difference in melting point 
exists, the rate of formation of the fusion zone alloy is relat­
ively low, and an equilibrium state only reached where sufficient
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energy is supplied. In this instance, the lack of Molybdenum 
consumption was noticeable, indicating that the fusion zone was 
abnormally Niobium-rich. It does seem, however, that the hardness 
trend is greatly affected by small additions of Molybdenum to 
the Niobium-rich fusion zone. The comparatively low current at 
which this weld was carried out (100 amps.) ensured that the 
Molybdenum would not fuse directly, and hence the Niobium would 
be responsible for the dissolution. The amount of Molybdenum 
dissolved would be small, since the energy available would not be 
conducive to rapid reaction rates. Hence, the poorly-formed 
tongue represents a stage in development of the fusion zone which 
is fairly early, and the hardness traverse corroborates this 
point by showing considerable variation in the fusion zone which 
may reasonably be assumed to be due to variation in Molybdenum 
concentration. The hardness peak at the Molybdenum boundary is 
considered an exception, and may have been due partly to trans­
formation behaviour outlined previously.
In summarising, it may be said that this system represents 
a slow dissolution process, the rate of which is determined by 
the rate of dissolution of Molybdenum, which is dependent not 
just upon temperature, but also upon the cumulative effects of ' 
difference in melting points and a considerable difference in
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heat abstraction tendency ( Ratio Nb/Mo was found to be 0.45)*
Thus the energy required to dissolve Molybdenum would be much
greater than that required to dissolve Niobium in, say, Niobium-
Vanadium couples.. The rate of dissolution will be unaffected by
the formation of compound layers or other intermediate phases,
since these, of course, do not exist in this system, as far as * .
is known.
From graphical composition determinations, the overall 
fusion zone composition was found to be approximately 44 at.$ 
Molybdenum, 56 at.^ Niobium* This indicated the slowness of the 
reaction to which reference has been made above, and it is very 
doubtful whether this represents an equilibrium composition for 
the fusion alloy under the conditions applicable to this case.
Reference.
1. Buckle H., Z. Metallkunde, 1946, 3j[, 53-56*
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, CHAPTER XI.
THE FUSION WELDING OF COPPER TO NICKEL *
Introduction.
It has already been stated that the minimum in a solid 
solution system might be the equilibrium alloy of the fusion zone, 
since it is this alloy which should require the least energy to 
maintain, though not necessarily to form* It was thought that 
a system which does not have a minimum, (Fig* 11*1), of which 
this is the third to be discussed, could show the effect of the 
minimum on the formation of the tongue by a process of elimination* 
No clear case in this direction had been established so far*
Thus the influence of a strong heat abstraction tendency of one 
component was investigated. The heat abstraction ratio, for the 
system Cu/Ni » 4*85*
It was predicted that the tongue would appear in the Nickel, 
since this has a melting point of 1453°C compared to the melting 
point of Copper at 1083°C® It was not clear what influence the 
considerably greater thermal conductivity of Copper would have
1500 r 1 |
1000
Temperature
°c
500 1
1
> * ‘ * • i 1 1 i
Cu 20 40 60 80 100
At.% Nickel
FIG. 11.1 Copper-Niokel Constitutional
Diagram.
on the welding conditions, and ultimately, the fusion zone.
oEven though Copper melts at a temperature 400 C lower than Nickel* 
the rate of heat ahstraction might he such that the Copper would 
not melt before the Nickel. This would lead to a situation in 
which the solution process would he the reverse of that expected, 
i.e.* dissolution of Nickel by Copper, and consequently a Copper 
tongue instead of a Nickel tongue.
Metallographic Examination.
As the experiments with Copper and Nickel progressed, it 
was observed that the Nickel did in fact melt before the Copper, 
and at this stage it seemed that the reverse tongue might be 
formed* The weld in general was rather poor, with severe staining 
on the Copper and a poor finish to the bead. On sectioning for 
microstructural examination, considerable porosity was found 
associated with the Copper interface (Fig* 11.2), and was account­
ed for by the high oxygen content of the grade of Copper available.
The main interesting feature shown in Fig. 11.2 is the 
appearance of the tongue in the Nickel as predicted by the melt­
ing point differences, and not in the Copper as expected from 
the observations during welding. It would seem from this that, 
at least in the case of a Copper-Nickel couple, there was a
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seperate starting mechanism determined by the high rate of heat 
abstraction in the Copper. This, in fact, caused the Nickel to 
melt first, and until this coalesced with the Copper, so forming 
a "thermal bridge", the process did not proceed as predicted.
Once the thermal bridge was established, the process occurred 
normally, and sufficient heat was available to melt the Copper0, 
forming Cu-Ni alloy which dissolved the Nickel thus forming the 
tongue that side.
A further interesting feature shown in Fig. 11.2 is the 
appearance of a Nickel "island" in the fusion zone* This suggests 
misalignment of the electrode, especially as- it was the only 
specimen to show this effect out of several welds made. In all 
cases, a well developed tongue was formed on the Nickel side, 
though observation during welding indicated Nickel melting 
before Copper*
Another effect observed in the macrestructure shown in 
Fig. 11,2 was the appearance of semi-circular markings in the 
upper half of the fusion zone which were suggestive of solid­
ification fronts* They gave to the weld a structure usually 
associated with a number of passes, but this was not the case in 
these experiments* Only one pass was used, so that the cause
was probably & series of solidification jerks which could be 
caused either by a solidification process during which heat 
abstraction was irregular, or by irregular progress of the elect­
rode* But since the traverse rate was slow, it is felt that the 
latter was unlikely. 'Micro-examination of these areas revealed 
that they might correspond to bands of variation in composition, 
since it can be seen in Fig* 11.3 that there are definite banded 
variations in the dendritic structure. Another factor which 
might also produce bands of this nature would be cooling rate 
variations brought about by an interrupted solidification front 
movement due to the release of latent heat of fusion with spas­
modic pile-up of heat energy*
The fusion zone structure in general consisted of.heavily 
cored dendrites typically associated with cupro-nickel alloys 
cooled under similar conditions, (Fig* 11.4).
Hardness Traverse*
A hardness traverse carried out across the weld gave re­
sults shown in Fig, 11*6* A familiar contour is evident and 
requires little comment* It will be noticed again that the 
hardness rises steeply in immediate contact with the fusion zone 
at both interfaces.
1 8 8
V  >V '* -V V V * V ^ "  *»
: '';'V'-\‘' -«,v
,-v b-'-• > • . / . *
f.f?:* i-.m v  *•■ 1 /A  A ^  I V * ' ' . . V . .  “
> •
Vivt. *'jh-
fir3 I x/oo
H
A
R
D
N
E
S
S
 
V-
P.
 N
189
100
80
60
40
Hi
20
5
m.m.
Fusion Zone
FIG. 11« 6 Copper-Nickel Microhardness Traverse♦
190
In association with the Nickel tongue, a thin hand of un­
cored material was observed,- (Fig* 11.4)* It was wider on the 
upper side of the tongue than on the underside, hut enough was 
visible to determine that it was a definite hand of material 
having a hardness of■approximately 100 VPN, and almost certainly 
represented a "transport zone" of high Nickel concentration*
This was the first time it had heen possible to observe such a 
zone, since in Niohium-Vanadium welds it had heen too thin-i The 
composition of the alloy in this hand was probably at least 80$ 
Nickel, whereas the composition of the overall fusion zone was 
found to he about 60 a t C o p p e r  to 40 at.$ Nickelp (See Appendix ! 
l)> The interface between the fusion cone and the Copper was 
very badly blown (Figs 11*5)$ and it was not possible to estab­
lish whether a band of composition variation of any appreciable 
width existed there. It musdj be supposed, however, that one 
does exist, but it is likely to be thin and undetectable due to 
the melting and diffusion process at that boundary being rapid.
Discussion^
It is probably true to say that the width of the band of 
composition variation at the dissolution interface is- a function 
of the rate of solution of Nickel in the fusion zone alloy* The 
wider this band,, the slower the process, temperature being con-
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sidered* It should he realised that the temperature of the 
fusion zone must he an important factor not only concerning the 
rate at which the reaction proceeds, hut also the mechanism hy 
which it proceeds# For instance, if two metals have high melting 
points, hut form a low melting point alloy, and this alloy was 
the equilibrium alloy of the fusion zone, in all prohahility, 
and after initial melting and fusion, welding would proceed 
hy the dissolution of both metals of the couple, and not just one® 
This would mean that the temperature of the fusion zone would he 
lower than either parent metal melting point, and prohahly ahout 
200°C above the melting temperature of the equilibrium alley® This 
principle will be elaborated at a later stage, hut it should he 
remembered here that all alloys in the Copper-Nickel system have 
melting temperatures above that of Copper itself, so that in this 
case Copper must melt# It may be dissolved initially, however, 
as we have seen already#
The tongue effect in Copper-Nickel alloys has heen cor­
roborated hy Stephenson^# In his experiments, the Copper was 
preheated to offset the effect of conductivity differences, and 
here, too, the tongue appeared in the Nickel side of the weld#.
All the characteristics described and explanations given, except 
the pre-fusion of Nickel, agreed closely with those observed in
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the present work. The preheating of the Copper would prevent 
the conductivity being the dominant factor in the early stages, 
the criterion then being the melting point differences.
It seems evident, on reflection, that though the overall 
composition of the fusion zone was found by chemical and graph­
ical analysis to be about 60 % 40 at,$ Cu~Ni, there was con­
siderable variation between.given points. This is brought out 
particularly by the hardness traverse graph which shows that 
though there is, a gradual increase in Nickel content from Copper 
to Nickel across the fusion zone, a trough of comparatively lev/ 
hardness intervenes. Similar troughs have been observed prev­
iously and it is not altogether clear whether they are due to 
composition variation cr to the influence cf cooling rate. For 
instance, a weld will normally solidify from the interfaces to­
wards the centre, so that the centre region will remain at a 
higher temperature for a longer period than other regions, and 
will thus cool more slowly, This may result in less thermal 
stress being imposed on the area, a condition which would mani­
fest itself in a lower level of hardness. However, no trough
\
was. observed in the Niobium-Vanadium graph, from which it could 
be assumed that composition was unchanged across the fusion zone, 
or that cooling rates were similar throughout the cross-section.
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But this could depend upon conductivity as well, so that the 
overall picture would become complex©
The hardness maximum astride the Nickel-fusion zone inter­
face embraces the thin layer of uncored alloy referred to earlier 
as a ’’transport layer”, through which Nickel is diffused rapidly 
to the main body of the fusion zone. On the evidence, it is 
probable that this layer governs the rate of solution of Nickel, 
since a concentration gradient will exist across it which will 
be influenced to a great extent by its dimensions, which it turn 
give an indication of the rate of diffusion. This band was 
probably ’’pasty”, lying between the liquidus and the solidus, but 
nevertheless, diffusion rates would be fairly rapid.
For the present system, the observations suggested that it 
did not rdach composition equilibrium. The factors affecting 
the equilibrium composition did not have time to allow this to 
occur<5 These factors are discussed at some length in Chapter XVI,
The composition of the fusion zone alloy was expected to 
be a little more rich in Copper than the figure of 64,5 at,$ 
shows, but the region of the equilibrium diagram in which this 
value falls was thought to be 6O~70^ Cu after consideration of
19 4
the relative physical properties. The densities are within
0.5$ of each other and the atomic radii within less than 2$,
The specific heats are within 12$, that of Nickel being the 
higher value. The greatest diversity lies in the thermal con­
ductivity (76$) and the melting points, 370°C, If heat abstraction 
tendency was a criterion after alloy formation, it could be 
expected that more Nickel would be present. This indicates that 
the subsequent criterion is melting point difference* But the 
composition in the Niobium-Vanadium welds was found to be Niobium 
rich, and not near the minimum as thought possible. As a result, 
the present experiment did not help .to establish fully the role
of the minimum alloy.
Reference,
1, Stephenson N,, private communication.
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• CHAPTER XII.
THE FUSION WELDING OF ZIRCONIUM TO VANADIUM.
Introduction.
The reason , for the choice of this system for experiment was 
due to the proximity of the two melting points. In the absence 
of appreciable difference, In melting points, it was felt that 
the welds would show whether the heat abstraction tendency would 
assume the dominant role of determining in which material the 
tongue would occur* Unfortunately, the Zirconium available was 
only 0.036” thick, which meant that the experiments had to be 
conducted with material all of this thickness. The influence of 
thickness of plate on tongue formation was not known, and it was 
outside the scope of this present work to diverge into this 
field, though some consideration is given to it in the final 
discussion in Chapter XVI#
The values of thermal conductivity for Vanadium and- Zircon­
ium show that Zirconium is a very poor conductor, whereas Van­
adium is poor but somewhat better in comparison. This would
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imply that if a tongue should form it would he found in the Van­
adium, since the Zirconium will melt more readily due to a low 
rate of heat abstraction But because both materials are poor 
conductors, it would be likely that no tongue would form at all* 
However, the phase equilibrium diagram (Fig* 120l) shows that 
conditions are correct for a case in which an alloy will be form­
ed having a melting temperature below that of either parent metal, 
with the result that a double tongue could occur*
For welding this couple, due to the use of thin sheet, a 
current of only 30 amps* was used, the traverse rate being 
l*5M/niin* Two samples of the weld were produced, and in both 
cases a smooth clean bead was formed* The weld was very brittle, 
and showed a tendency to fracture along the interface between the 
fusion zone and the Vanadium parent plate*
The macro-examination of a cross-section of the welds 
showed a slight Vanadium tongue, but this was so stunted that it 
should more properly be described as a dome*(Fig* 12.2)* Never­
theless, this did represent evidence, though a little doubtful, 
that the greater thermal conductivity of Vanadium was responsible 
for the formation of the familiar contour. However, the tendency 
for it to form was not strong, as might be expected from the
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difference in melting points (50°C)? but there is no doubt that 
the effect occurred to a small degree probably due to this factor#
It -will be noticed that there is no indication of tongue 
formation on the Zirconium side of the weld, but it is possible 
that the equilibrium alloy composition of the fusion zone has a 
melting temperature too close to either parent metal melting 
point for this effect to be prominent* On the other hand, the 
"effect coul^ L be such that both base materials are dissolved, after 
initial melting, and that their thinness prevents the formation 
of any obvious solution contour of the type already observed#
The influence of the heat abstraction tendency, which in fact 
was slightly in favour of Zirconium, would not account for the 
slight tongue formed in the Vanadium# The ratio for ZrsV is 
1#01, It is unfortunate that it was not possible to check these 
observations by the use of l/l6n plate*
It seemed likely that the equilibrium alloy composition 
of the system would be near the eutectic at 43*5 at#$ Vanadium# 
Estimation of the overall Vanadium content of the fusion zone 
gave a figure of 36#6 at.$ by both chemical and graphical analysis. 
The figure agreed well with that predicted from the examination 
of the microstructure* In view of this, the latter of the theor-
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ies expressed above would be the more acceptable, (i.e. double 
dissolution), since this alloy had a melting temperature below 
that of both Vanadium and Zirconium*
The metaliographic examination of the welds tended to 
lead to the favouring of the double dissolution hypothesis# It
is believed that this example of dissimilar metal welds represent-
./
ed very closely the ultimate achievement of the equilibrium state 
with respect to phases present and to contours of fusion zone 
boundaries# This was almost certainly due to the fact that the 
material was thin and of comparatively small mass, so that the 
energy input expressed as a ratio with this mass would be much 
greater than in examples of thicker materials* The weld was 
successful because the mass of molten metal was not large enough 
to overcome its own surface tension forces and thus break the 
weld-pool# In greater thicknesses, any attempt to produce 
similar fusion zone conditions would not be as successful because 
the mass of the molten pool necessary 7/ould not be supported#
Metallographic Examination#
In Fig. 12#2, the contours of the weld can be seen, and 
it should be noted that compared to the thickness of the base 
materials, the width of the fusion zone was considerable#
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Figs# 12,3 and 12.4 show the interfaces on hoth sides of 
the fusion zone, and it is seen that the shapes differ in the 
usual way, except that the Vanadium tongue is by no means pro­
nounced, But at these magnifications hands of structural variat­
ion are to he seen associated with hoth interfaces, and these are 
shown in more detail in Figs, 12.1? and 12*6. In Fig. 12.5, the 
Vanadium interface exhibits typical diffusion characteristics.
The very thin white hand immediately associated with the inter- 
facial boundary would he single phase Vanadium-rich alloy (labelled 
(a) in the diagram Fig. 12,l). The small dark spots which 
become noticeable rapidly would be compound ZrV^, and these give 
way to an eutectic structure containing some primary a. Some 
of the compound ZrV^ would form peritectically, ana some primar­
ily with some eutectiferous compound. It appears to he quite 
clear that the basic fusion zone structure becomes eutectic- after 
this, a structure which continues unchanged up to the Zirconium 
interface* The rapidity with which the fusion zone structure 
is reached at the Vanadium interface indicates a steep concen­
tration gradient and a rapid dissolution reation. This would 
assist the attainment of equilibrium in the weld-pool during 
the welding process.
The Zirconium interface is shown in Fig. 12.6, and from
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an examination of this it is not at once clear which process 
has occurred. The evidence can he made to fit either dissolution 
or direct melting, and this is dealt with in the discussion on 
this Chapter* ,
Micro-hardness Surveys*
The graph in Fig*12*7 shows the result of a typical survey. 
Quite clearly a variation in composition occurred through the 
fusion zone* This gave a hardness variation of approximately 
100 VPN'between the Vanadium and the Zirconium sides. The shape 
of the curve, though somewhat unusual, would seem to he easily 
explained in conjunction with the phase equilibrium diagram and 
observed oicrostrustures.
From the microstructure shown in Fig* 12*5* .the compound 
ZrVg is found almost immediately on entering the fusion zonet 
It probably acted to some extent as a diffusion barrier due to ' 
its stability. This could account for the subsequent concentrat­
ion gradient existing beyond it and towards the Zirconium, The 
compound would form preferentially*
The magnification in Fig. 12*5 is almost twice’ that possible 
on the micro-hardness microscope, so that it will be appreciated
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that an impression made close to the interface, with one corner 
touching it, perforce will measure principally the hardness of 
the compound# The structure is duplex, and the second phase is 
almost certainly a# The result of such an impression would give 
a high hardness value, which would normally he associated with 
a compound* From the hardness curve, this situation lasts only 
for a short distance, since it is followed by a significant fall 
in hardness as the peritectic reaction is replaced by the eutectic, 
and as the proportion of eutectic increases so the hardness 
rises, then falls again as the Zirconium-rich solid solution (Y) 
increases in proportion.
Discussion.
From the evidence collected from experiment and observations, 
there is much to be said in favour of both the normal dissolution 
process, in which the lower melting point material melts and 
dissolves the higher melting point material, and the double 
dissolution mechanism. In the former, however, the Zircon:.um 
would melt directly, whilst in the latter it would be dissolved 
by a lower melting point alloy,(eutectic).
Considering direct melting, two main features must be 
taken into account. These are (a) the form, and (b) the identity
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of the dendritic material. Under (a) it is accepted that the 
dearly outlined dendrites have formed in the usual way, hut the 
somewhat indefinite mass nearer the interface resembles lumps of 
parent metal which have been melted off and rounded by a certain 
amount of solution, rather than true dendrites. Some can be seen 
still attached to the parent plate, and though they may all have 
been molten, they did not have time to form any solution, and have 
re-solidified without alloying, and thus represent local areas 
of undissolved Zirconium. Pursuing this hypothesis, the well 
defined dendrites would represent high Zirconium content Y formed 
on cooling through the liquid + Y range. These are surrounded 
by eutectic. Whether the eutectoid reaction took place or was 
suppressed by the cooling rate is another matter for conjecture 
since the structures of the eutectic and eutectoid cannot be 
compared* It is possible, since some of the Y dendrites have a 
tendency to appear as if they are two-phase, i.e. ZrVg + p.
Further examination of the Zirconium interface indicated 
that the fine granular two-phase material near dendrites was 
very plentiful for a short distance into the fusion zone after 
which it was more evenly distributed and less crowded. The 
dark particles were almost certainly ZrVg* There was some ' 
evidence to show that the eutectoid reaction might occur, because
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some of the dendrites appeared to have transformed. Also, a thin 
layer of parent metal showed the development of a second phase, 
probably due to diffusion of Vanadium to saturation, forming a 
semi-solid layer* Qn the Vanadium side of the weld a thkn 
layer of single phase alloy occurred at the interface# This was 
followed by primary ex + ZrVg for a short distance only# These 
observations indicate double dissolution.
Xn consideration of dissolution, it would be necessary to
accept all the isolated Ziroonium-rich areas as dendritic, which
rl<ihir
would put the overall composition in this area to the of
the point "Rn (Fig. 12,1). This would indicate direct dissolut­
ion to a composition in excess of R which is impossible, so that 
in the absence of a continuous single composition alloy band 
associated with the Zirconium parent plate, it would appear that 
the structure can have been formed only by melting.
If melting was the case in fact, the implications arc 
far-reaching. In the first place, the fusion zone temperature 
must have been between 1900°C and l852°C, since dissolution 
occurred at the Vanadium side of the weld, a point which would 
seem to emphasise melting temperature differences, even though 
there may be less than 50°C variation. Secondly, in this case
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the rate at which Zirconium melted off was quite slow, as was the 
subsequent solution of it, thus presenting a hand of heterogen­
eous alloy of appreciable width, Thirdlyr the degree of super­
heat of the molten pool, if the composition was predominantly 
eutectio, was considerable (650°C)a
It would seem that this system is explained adequately in 
the terms of the hypothesis given in the discussion on Molybdenum- 
Nickel welds in Chapter XIV, i.e. that the attainment of the 
equilibrium alloy depends upon the extent of the semi-solid 
region on either side of the system. In the case of Zirconium- 
Vanadium, the semi-solid region would seem to be absent at the 
Zirconium side, and the rate of change of structure at the Van­
adium side indicates a very limited .pasty region. Thus the rate 
of attainment of equilibrium with respect to composition would 
be high. This would be assisted by mass and conductivity con­
siderations enabling an energy equilibrium to be achieved also 
at an early stage. If this is so, then the temperature of the 
equilibrium alloy is important, since it is assumed that the 
fusion zone has an approximately constant temperature due to 
stirring.
As a whole, the evidence is definite on one main points
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that the overall composition of the fusion zone was close to that 
predicted, which is a strong support for the hypothesis that the 
stable composition will be at or near the lowest melting temper­
ature alloy. Both chemical analysis and the hardness data re­
vealed this composition to be about eutectic.
But reservations apply to the fusion zone interfaces. The 
formation of the pasty dissolution area on the Vanadium side 
appears to be confirmed, but whether melting or dissolution 
occurred at the Zirconium side remains a doubtful matter. The 
shape of the micro-hardness curve would seem to favour a narrow 
range of composition variation v/hich could be an indication of 
melting, The microstructure itself shows what is apparently 
direct melting, and this is considered to be the mechanism in 
this case. However, the temperature-composition relationships 
will come under further consideration later, in the general 
discussion (Chapter XVI)•
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CHAPTER XIII.
THE FUSION WELDING OF. VANADIUM TO NICKEL.
Introduction.
This system proved.to besextremely difficult to weld 
successfully. Cracking occurred spontaneously as the weld.cooled, 
the crack in some cases following the electrode along the weld.
In one case a weld was successfully completed hut cracked from 
end to end immediately upon being touched. The path of the crack 
generally followed the edges of the weld,, and showed a preference 
for the Vanadium interface. Due to this unstable characteristic, 
it was impossible to cut the welds in the normal way and mount 
a complete cross-section.
In all cases, the Nickel seemed to be sufficiently highly 
thermally conducting to allow Vanadium fusion first* The thermal 
abstraction tendency ratio was found to be Ni/V « 2,3/l* Also, 
the Nickel side of the weld was rough, and this, together with 
the other factors, indicated compound formation. Pig. 13*1 
shows the available phase equilibrium diagram for this system.
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As can be seen, it exhibits an eutectic at 51$ Vanadium and 1203°C, 
and there is probably a peritectic reaction at 1270°C. It was 
most likely that the equilibrium alloy of the fusion zone lay in 
the eutectic region*
Macro-examination of these welds showed that the tongue 
was formed in the Vanadium, and this represented another example 
of the thermal bridge effect previously encountered in the Copper- 
Nickel system.
Metallographio Examination*
In Fig* 13o2 a photomacrograph shows the weld contours*
It will bo observed that there is a distinct band of phase var­
iation associated with the tongue, but no apparent band associated 
with the Nickel# The general structure of the fusion zone 
appears to be the cored dendritic type.
The fusion zone in Fig. 13*2 exhibits peculiar directional 
characteristics in its markings* These do not conform with those
already observed in other systems* A crack can be seen running
/
through the zone from the top surface, but the path does not 
seem to be affected by the structure* At higher magnification 
in Fig# 13*3, the intricate dendritic pattern of the centre
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portion of.the fusion zone can he observed. It will he noticed 
that the grain-size is large, and the dendrites very well defined,
A typical central area is shown in Pig, 13.4, and it is 
apparent that two phases exist, the second one interdendritically. 
Except for areas close to the Vanadium tongue, the structure of 
the fusion zone can he seen to he fairly uniform. This indicates 
constant composition throughout the section, in which case the 
equilibrium composition is likely, though this would seem to he 
other than the eutectic* In Pig. 13.5 the fusion zone can he 
seen to exist unchanged right up to the Nickel base metal, and 
in Pig. 13.6 the nature of the zone is comparable with that shown 
in Pig. 13.4, except for the definite directional tendencies of 
the dendrites in Pig. 13.6. These would he due partly to crystall- 
ographic orientation, hut also have some dependence on the direct­
ion of maximum heat abstract ion,»
An examination of the Nickel-fusion zone interface at 
higher magnification revealed that the two-phase structure exist­
ed unaltered up to the Nickel boundary® This is shown in Pig,13*7* 
The evidence suggests that there is only an extremely thin zone 
over which the composition varies from 100^ Nickel to somewhere 
in the two-phase region.
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The opposite interface gave somewhat different results#
The tongue is shown in Fig#13«8 in which definite zones of comp­
osition variation are visible# But the general fusion zone struct­
ure seen previously is quickly established* It is interesting 
to note here that a crack following the boundary of the upper 
side of the tongue can be seen clearly in the photograph, and is 
again in evidence in Figs. 13©9 and 13*11# It can be seen to be 
branched and to have a tendency to travel transversely across 
the dendrite, indicating the brittleness of the material# The 
structure of the fusion zone in Fig# 13*6 would appear to consist 
of primary solid solution together with areas of much finer 
material which are suggestive of eutectic# The exact behaviour of 
the system in Vanadium-rich regions is mostly unknown, but it 
would seem that such a structure is formed, probably with a band 
of V^Hi included. This is very clear in Fig# 13#10, an area on 
the underside of the tongue, which gives a section of these 
apparent composition zones, the centre one being the "eutectic” 
region# Fig# 13#12 gives this transition section in greater 
detail# The Vanadium parent plate is immediately associated with 
a single phase band at the interface# This gives way to the 
eutectic-type structure, and the tviro-phase dendritic area, and 
Fig# 13ol3 shows the result of an attempt to investigate the inter- 
dendritic areas of this last region# Little evidence of a typical
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eutectia structure was shown} the feathery edges of the granules 
were considered to he an effect due to preparation of the specimen, 
and not to precipitation© The word "granule” is used only be­
cause it best represents the appearance of the primary structure, 
which consisted of dendritic cross-sections * An explanation of 
the apparent lack of a second- phase in the "eutectic" may be that 
it was absorbed by the massive granules surrounding it* Since the 
interdendritic network was very fine, this is conceivable* The 
only point that would tend to refute this suggestion is that the 
cooling rate was too fast, and not sufficient time would be 
avaialable following eutectic solidification* On the other hand, 
if the latent heat of solidification of the eutectic structure 
was large enough to maintain a uniform temperature close to the 
eutectic temperature for a short time, it is possible that this 
may have been just sufficient to produce absorption of the 
eutectiferous phase of similar characteristics to those of the 
primary material, possibly as it formed* The equilibrium diagram 
shows that solid solutions form until the eutectic temperature 
is reached, when invariant composition eutectia. constituents are 
precipitated* These can be considered to be responsible for the 
hardness of the fusion zone material, since each solution contains 
the maximum amount of each constituent of the system that it is 
possible to dissolve, and this is retained at room temperature*
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The result must he a highly stressed lattice configuration mani­
festing itself in a pronounced resistance to deformation*
Further examination of the structure in Fig* 13.12 shows 
that the single phase layer in contact with the Vanadium is con­
tinuous with the interdendritio phase further away and is almost 
certainly the same at the fusion zone centre and indeed near the 
Nickel interface, where it is not so plentiful* In addition it 
provides the matrix of the "eutectic” region close to the Van­
adium interface* In these areas and others where the concentration 
was correct, only eutectic, would solidify, and absorption tend­
encies would not be felt. If thi3 is the eutectic, containing 
51$ Vanadium, it is remarkably close to the Vanadium parent metal. 
This is not altogether irrational, because there must be excess 
Nickel in the fusion zone, so that the more pronounced concentrat­
ion gradient would be the Vanadium side, where dissolution occurs*
Hardness Traverse and Analysis Results*
The graph of hardness against distance across the weld is 
shown in Fig. 13*14* The principal characteristics are readily 
observed to be sharp increases in hardness at interfaces between 
fusion zone and parent plates, together with fusion zone peaks 
adjacent to the interfaces themselves* In between the peaks
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a pronounced trough occurs*
These features Correlate well with the phase equilibrium 
diagram, and the observed microstructures* The minimum hardness 
in the trough is nearly 200 VPN9 which is probably due to some 
of the compounds VNi^ and VNig , although these do not appear to 
be present. At the opposite interface, the peak is probably 
almost entirely due to eutectic, (or its tranformation products), 
and p. This high hardness value of over 450 VPN explains the 
acute brittleness of this interface, which affects the whole weld*
Chemical analysis carried out on this specimen showed 
Nickel to be present to the extent of 55•5 at.$ for the fusion 
zone as a whole,, This corresponded to 44*5 at*$ Vanadium and 
was in good agreement with the predicted composition, though not 
quite as close to the eutectic, as it might have been. Obviously, 
the- composition was not equilibrium, but approached it, and pro­
vided a further example to support the hypothesis that the equil­
ibrium alloy is the one having the lowest melting temperature.
More consideration will be given to this point in the general 
discussion in Chapter XVI.
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Discussion.
From the microstructures shown, it would appear that the 
equilibrium diagram of  the system Contains no unusual changes 
or additional phases; VNig and VNi^ seem to be absent, and it 
is doubtful whether the.transformation at 890°C occurred either.
It would seem certain, therfore, that the diagram is represented 
primarily by a near-equilibrium alloy in the fusion zone, as 
borne out by the analysis, with a band of composition variation 
round the tongue which represents the rest of the system, in­
cluding the 51$ Vanadium eutectic# As the overall alloy composit­
ion lay in the region 40-50$ Vanadium, the hypothesis that ab­
sorption takes place is acceptable. In Figs. 13.5 and 13«6, 
there is evidence of coring in the primary dendrites, shown by 
the shading differences, which would be expected when the long 
solidification loop from the Nickel end is considered, together 
with the fairly rapid cooling rate* The alloy immediately in 
contact with the Nickel would be much richer in that metal, but 
only over a short range* This fact would tend to repudiate the 
idea that this system represents a good case for double dissolut­
ion by equilibrium alloy following initial melting of Vanadium. 
However, if the equilibrium alloy were of eutectic composition, 
or close to it, once it had formed there would be every reason 
to believe that it would be the solvent of both Vanadium and the
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Nickel, since its melting temperature is over 200°C below that of 
Nickel and rj00°0 below that of Vanadium* Allowing for a theoret­
ical 200°C superheat in the molten zone, this would mean that 
dissolution of Nickel mush occur* But in this case the composit­
ion did not seem to be close enough to the eutectic* It would 
also mean a fusion zone temperature of only 1200°C, which was felt 
to be unlikely. There may be a case for believing that the 
temperature of the fusion zone decreases as the alloy of lowest 
melting temperature is obtained, based on the assumption that a 
heat dissipation equilibrium is set up at about the same time as 
a composition equilibrium.
A study of the Nickel-fusion zone interface (Fig. 13*7)> 
does not immediately suggest dissolution. If there were a wider 
single phase band indicating some semi-solid, comparatively slow 
diffusion state, i’c would be possible to say for certain that 
double dissolution had occurred *. In this instance, therefore, 
it would seem not fco have happened, presumably because the eutect­
ic temperature was too low, and the fusion zone temperature ex­
ceeded the melting point of Nickel. Under equilibrium conditions, 
of course, the boundary temperature would be the melting point of 
Nickel, and there would be a constant exchange of Nickel atoms 
between solid and liquid. It is considered that this stage was
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closely approached in this system due to the relatively un­
hindered formation of low melting temperature alloy* Thus, 
equilibrium was reached fairly rapidly, but though expected, 
double dissolution did not occur*
As the microhardness measurements suggest, the brittle 
qualities of the weld would seem to be connected with the Van­
adium-rich phase associated with the tongue* The crack shown in
Fig* 13*9 is shown again in Fig 13*11., and it can be seen to
follow the tongue contour very closely* In Fig, 13*12 a crack 
is seen perpendicular to the interface and just above this, an­
other small crack, which is confined to the limited width of the 
band. This indicates that these cracks were propagated from 
this Vanadium-rich band, and, as can be seen from Fig* 13*12,
followed this material well into the fusion zone, occasionally
crossing a dendrite* A crack starting from the surface of the weld 
cannot really be admitted for use as evidence because it is de­
pendant upon surface conditions* It is considered, therefore, 
that the outstanding embrittling agent in this system was the 
Vanadium-rich phasec The restraint imposed on cooling by the 
surrounding material would lead to stress-cracking, which would 
propagate rapidly through the microstructure* The physical instab­
ility of the weld showed that the energy required to initiate the 
crack was relatively small, and that a ductile joint between these 
two metals was not possible under these conditions.
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CHAPTER XIV.
THE FUSION WELDING OF MOLYBDENUM TO NICKEL.
Introduction.
This system was chosen for investigation because it rep­
resented extremes of melting point difference between the compon­
ent metals. The melting point of Molybdenum is 2622°C - 40°C and 
the melting point of Nickel is 1453°C, a difference of approx­
imately 1160°C. The heat abstraction ratio for the system Mo/Ni 
was found to be 2.15, favourable to Molybdenum tongue formation.
Owing to the fact that the Molybdenum was only available 
in dimensions 2” x ln x l/l6’', it was necessary to match the 
Nickel to this size. However, this did not present any particular 
difficulty, although on welding there was some tendency for the 
bead to widen towards the end of the run for reasons already 
discussed,-,
Figs. 14*1 and 14.2 show a typical specimen, with the region, 
from which the specimen for study was taken clearly indicated.
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It will be noticed that there was some staining of the Molybdenum 
and also*that the surface of the bead edge on the Molybdenum side 
was irregular. This compares with a regular, somewhat wider 
underbead, (Fig. 14c'2)« The current used in the experiments was 
70 amps., which was considerably less than that required to weld 
Molybdenum to itself. It can be said, therefore,that without 
dissolution by Nickel, no joint would have been formed. Observat­
ion during the process showed that in no case was the Molybdenum 
melted until a thermal bridge was formed by fused Nickel. Thus 
the temperature of the molten pool must have been below that of
the melting point of Molybdenum, possibly by as much as 1000°C.
*
This means that in no sense was Molybdenum melted directly. It 
must have been dissolved by the Nickel, which would, then become 
an alloy of the system Nickel-Molybdenum. The equilibrium dia­
gram (Fig. 14.3), shows that if the equilibrium alloy composition 
formed during welding was that of the eutectic at 1315°C, it should 
be possible for double dissolution to occur, since the melting 
point of this is below that of both base metals. However, this 
is unlikely, since the superheat of the fusion zone would be 
sufficient to overshadow the effect, and would produce straight­
forward fusion of Nickel.
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Metaliographic Examinations
The examination of the specimens in cross-section proved to 
he most informative, and sino:e it was possible to observe the 
structures clearly, and because the welds were mechanically strong, 
the system provided much useful information^
Fig. 14#4 shows a photomacrograph of the weld cross-section, 
and immediately it will be noticed that the classical contours 
are in evidence* There is also a suggestion of composition zoning 
but this is brought out more clearly in Figs, 14*6 and 14.7<*
These show that there is a wide band associated with the tongue 
as well as evidence of cored material in the body of the fusion 
zone. A light-etching area of some size is associated with the 
Nickel side of the weld, and this probably represents material of 
a different composition although there is no certainty on this 
point. Another feature quite easily seen is the effect noticed 
before in Copper- Nickel welds and others which gave the impress­
ion of spasmodic solidification, The semi-circular markings 
appear particularly clearly close to the tongue.
Fig. 14.5 shows the tongue tip at higher magnification, 
from which can be seen the band surrounding that contour. The 
fusion zone material appears to be single phase, cored, with a
2 33
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few small areas occurring irregularly which have not been possible 
to identify. Fig. 14.8, a section of the tongue interface, 
shows a remarkable structure of what would appear to be a lam­
ellar eutectic, with large dendrites to the left and small ones 
close to the Molybdenum boundary. The '’eutectic’1 is associated 
with both sets of dendrites, besides showing a band in which it 
appears alone. Fig, 14,9 shows a section close to the edge of the 
weld in which it is possible to see much lamellar material and some 
dendritic areas, which are probably Molybdenum-rich solid solution. 
There seems to be incipient cracking at the interface in this 
region, some of the cracks entering the single phase material 
of the fusion zone, but being arrested on encountering the lam­
ellar phase,
Examination of the Nickel interface showed no prominent 
multi-phase layer. Fig. 14.10 shows this region from which it 
will be seen that the fusion zone immediately next to the Nickel 
does not appear to be cored, but does exhibit epitaxy. This re­
gion is almost certainly at least 90% Nickel, but a very short 
distance further into the fusion zone, the evidence of alloying 
becomes mere obvious. This is shown in Fig* 14.11 where it is 
possible to see a second phase in interdendritic areas. Fig.14.12 
shows an area in the fusion zone close to the weld centreline.
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Boundaries of irregular form outline grains of appreciable size. 
There is considerable second phase precipitation of a type 
associated with compounds* The phase equilibrium diagram shows 
a number of compounds, which makes positive identification dif­
ficult, particularly as comparatively little is known of this 
system on a metaliographic: basis.
Micro-hardness Survey*
To assist in the identification of phases, and to trace the 
regions of composition variation, a micro-hardness survey was 
carried out. This showed that the lamellar areas around the 
tongue were much harder than any of the other material, having 
a hardness of about 330 VPN* The diagram in Pig* 14*13 gives the 
hardness trace across the weld, through the tip of the tongue.
It will be noticed that the variation in hardness is small 
throughout the greater part of the fusion zone* The most sig­
nificant variation occurs with the incidence of the lamellar 
phase. Precisely how the rate of cooling affected the peritectiod 
reaction is not known, since it might have been suppressed if 
the cooling rate was fast enough. Certainly the cooling rate to 
below 900°C was fast, but whether it was rapid enough remained 
a matter of doubt. If the peritectiod was suppressed, then the 
lamellar phase would be normal eutectic. If this was so, and the
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temperature in this region was about 1550°C (the temperature of 
the weld—pool), this is direct evidence of dissolution* A very 
thin band of single phase material immediately next to the Moly­
bdenum indicated a region of high Molybdenum-content alloy in an 
early stage of dissolution, i*ea the earliest stage in what 
amounted to the corrosion of the Molybdenum parent plate*
It is worth noting that the variation in hardness of the 
Molybdenum parent plate close to the fusion zone, has a similarity 
with that encountered previously in Chapter X in Mobium-Moly- 
bdenum 7/elds* It would seem to be explained in the same way*
In addition, the sharp rise at the interface also has a counter­
part in the Fb~Mo welds, which does suggest that at least part 
of this effect was due to the presence of interstitials*
Discussion*
A logical sequence of structures can be deduced by the study 
of the equilibrium diagram in conjunction with the observed 
structures in the fusion zone of the weld, which, by graphical 
analysis, was found to contain 47•4 at.$ Ni and 52*6 at*$ Mo*
Beginning with the Molybdenum side of the couple. Fig* 14*8 
shows that immediately in contact with the Molybdenum tongue a
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thin layer of single phase material exists, which extends, in 
addition, in the form of dendrites, well into the lamellar areas* 
This region would he Molybdenum saturated, so that on solidificat­
ion, Molybdenum—riel1, dendrites would form. As the solid solubil­
ity of Nickel in Molybdenum is so limited at lower temperatures, 
the dendrites, in terms of distance, would quickly be associated 
with a matrix of MoNi, which would also form the matrix phase 
of the eutectic* It should be noted that the achievement of the 
eutectic structure was fast, as instanced by its closeness to the 
Molybdenum interface, though the Molybdenum concentration in this 
region would be of the order of only about 35 at..$c Thus the 
concentration gradient was steep as would be expected at a dis­
solving interface.
Following the lamellar eutectic structure, which exists 
quite plainly as an integral band of appreciable width, the con­
centration of Molybdenum would.decrease further, bringing it to 
the left of the eutectic, resulting fn the formation of primary 
Nickel-rich dendrites* These are shown clearly in Fig. 14*8 in 
the bottom left-hand corner, initially associated with eutectic, 
but as the Molybdenum concentration decreases still more, the 
structure assumes a total Nickel solid solution. ~ The final dis­
appearance of eutectic would mean that the concentration of Moly—
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bdenum had decreased to a figure less than 27 a t a n d  the short 
distance over which this was attained indicates the nature of the 
Molybdenum concentration gradient. The remainder of the fusion 
zone, except for a relatively thin hand in contact with the 
Nickel hase metal, appears to change very little* It all ex­
hibits small quantities of precipitate, probably MoNi^ or MoNi^, 
but changes in no other wayD It is probable, therefore, that the 
composition of this material lies in the range 20-25 at.$ Moly­
bdenum, and represents the predominant alloy of the fusion zone 
at this stage. The band in contact with the Nickel would have 
a much lower Molybdenum concentration, of course, and does show a 
little tendency to coring. (Fig. 14«10)^
The reasons for the non-attainment of a completely equil­
ibrium, low melting temperature alloy in the fusion zone would be 
due to the rates of diffusion and reaction in the Molybdenum- 
rich eutectic areas being too slow, so that during the joining 
process there was not sufficient time to enable equilibrium to 
be attained. The formation of the eutectic and its compounds 
would interfere with thiSj but probably the step which would 
cause maximum retarding effect would be during the molten stage 
when a comparatively wide pasty region would exist close to the 
Molybdenum, even at•the tempera cure of the weld-pool, and despite
24 1
agitation* The pronounced liquid-solid region in the equilibrium 
diagram can be appreciated. Even at weld-pool temperatures, it 
would interfere severely with the diffusion of Molybdenum to the 
Nickel-rich regions, since diffusion would be retarded in a semi­
solid system* Consequently, on solidification an equilibrium 
alloy was not established. The overall analysis of the fusion 
zone, at 52.6 at,$ Molybdenum, appears to corroborate these ideas*
These arguments put forward a new concept of the formation 
of the weld zone structures. This is that the attainment of the 
equilibrium alloy depends upon the extent of the pasty regions 
on either side of the system* If they are extensive on one side 
or the other, or on both, then the attainment of the equilibrium 
composition state will be doubtful under normal conditions as laid 
down in the present work. Thus the rate of attainment of equilib­
rium composition will be dependent on the extent of the liquid- 
solid diffusion system besides upon reaction rates, and the stab­
ility of the products*
In addition, the side with the most extensive liquid-solid 
region at weld-pool temperature will be the one to show a con­
centration bias in its own favour with an attendant steep con­
centration gradient. The system should still try to reach a
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composition in the liquid state as close as possible to the 
lowest liquidus temperature, because this is the composition 
which requires least energy to maintain. Thus an equilibrium 
Leat-energy dissipation condition is required, and this is almost 
certainly set up quickly, independently of the composition gradient©
V  ' ’
In a system such as the Molybdenum-Nickel system at present 
under discussion, these effects are exaggerated due to the great 
difference in melting point between the two constituents* At 
weld-pool temperatures, the Nickel solid solution loop would 
be almost non-existent, since it is certain that interface temp­
erature gradients are very steep, mostly by virtue of agitation.
This contrasts with the Molybdebum side, where an extensive 
liquid-solid area would probably exist. On solidification, each 
section would form an alloy dependent upon its composition and 
subject to the rate of cooling* In systems with limited solid 
solution loops, and few other complications, liquid-solid dif­
fusion bands would be small, and thus the equilibrium composition 
quickly attained, so that on cooling only one alloy composition 
will be in evidence. As indicated already, the weld-pool temp­
erature relative to the melting points of the two pure metals 
will be an important factor* If the weld-pool temperature is 
above bo bh, dissolution will nob occur unless the temperature
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falls below one, or a high melting point alloy is formed, which 
is unlikely. If, however, the weld-pool temperature is inter­
mediate between the two melting points, dissolution will occur 
on one side, with a semi-solid range that side, however limited*
In simple systems such as Nicbium-Vanadium, or Copper-Nickel, 
equilibrium alloys are formed quickly and thus appear on solid­
ification. But it is considered that the weld-pool temperature 
conforms to the melting temperature of the equilibrium alloy, 
changing the temperature contours to suit energy requirements 
and'dissipation, so that double dissolution becomes possible 
where the weld-pool temperature drops below the melting points 
of the constituents. Naturally, the specific heats and conduct­
ivities of the metals will have an effect, but it is considered 
that only in borderline cases will it be manifest, that is to 
say, where differences between melting points and weld-pool temp­
eratures become small*
It is worthwhile commenting finally on the nature of the 
precipitate shown in Figs* 14.11 and 14*12. It will be noticed 
that this does not resemble normal eutectic, and it would seem 
unlikely to have been formed by that reaction. This places the 
composition to the left of 27 at.$ Mo on the diagram. The pre­
cipitate could have been formed during cooling in the range lhO0°C-
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1100°Cf when the limiting solubility line would be crossed, re­
sulting in the precipitation of Moli, It is felt that the cooling 
rates were . much too fast to allow the peritectoid reaction to 
occur, or the deposition of MoNi^ to take place* But the pre­
cipitate did seem to be dendritic rather than intergranular, 
though some occurred at grain boundaries* J.f inter dendritic, the 
precipitate could be eutectiferous rather than a normal solid 
solution rejection, and it is felt that this might be the case, 
but only as a result of under—cooling, and prevention of Nickel 
solid solution homogenisation, due to the sluggish rate of Moly­
bdenum diffusion in the Nickel lattice.
The mechanical properties of a system such as this are 
bound to depend upon the phases present and their respective 
properties. If non-equilibrium conditions exist, a brittle weld 
is likely to result, but if equilibrium composition is achieved, 
where a ductile or tough alloy results, mechanical properties 
will be reasonable, and constant through the section. The ab­
sorption of gases will have its effects, but only where gas con­
centrations are fairly high in reactive metals will appreciable 
differences be felt in mechanical properties, though the actual 
quantities of dissolved gases giving adverse properties may vary 
widely from one metal to another*
CHAPTER XV.
THE FUSION WELDING OP NIOBIUM TO NICKEL.
Introduction*
This couple presented some trouble in welding* It was 
extremely difficult to obtain a weld-bead due to the formation 
of a phase which quickly solidified, impeding the flow of molten 
alloy* The surface of the weld was rough, and generally penetrat- 
ion was poor.
Difficulty was experienced in cutting a transverse section 
from a specimen weld, due to the hardness of the fusion zone.
An examination of the Nickel-Niobium phase equilibrium diagram 
in Fig* 15.1 will show that a number of compounds are formed,, 
which would account for the difficulty of welding and of cutting 
the material* Unfortunately, a complete diagram for this system 
was not found, but as a tongue appeared in the Nickel, and not 
obviously in the Niobium where it would be expected, the Nickel- 
rich end is probably of more importance.
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Photomicrographs of one of these welds are shown in Pigs, 
15*2 and 15o3© There is some evidence, though not entirely con­
vincing, for the possibility of a tongue being formed on the 
Niobium side as well as on the Nickel, This could be explained 
on the principles outlined in Chapter XIV, of a fusion zone of 
temperature less than either of the melting points of the parent 
metals©
The rates at which each would dissolve under conditions 
existing in the fusion zone, would depend upon the relative 
affinity of the alloy for the parent metals, or upon what may’be 
termed a "solution potential” existing between the alloy and the 
parent metals« More exactly, it would depend upon the activation 
energy of the process, which would be considerably complicated 
by the formation of intermetallic compounds,
Metallographic Examination,? * '
Detailed metallographic examination of the Nickel-Niobium 
welds showed some interesting structures. In Pig© 15*3, the 
specimen v/as heavily etched in order to show the various areas 
of composition and structural changes© It can be seen that 
porosity was predominantly on the Nickel side of the weld and that 
the structure in this region and for soma distance into the weld
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was granular, though a change of,some kind was visible due to a 
boundary between lighter and darker granular structures* Fig* 15*4 
shows the Nickel interface area, and quite evidently there was a 
sharp transition from Nickel to fusion material. The interface 
line can be seen towards the top of the picture (arrows). The 
structure of the immediate fusion zone is shown in Fig. 15*5y 
from which it would seem that the alloy consisted of broadly 
formed dendrites, with interdendritic areas containing an apparent 
eutectic, though this was by no means clear.
From the equilibrium diagram, it seemed likely that these 
phases were primary Nickel solid solution with about 5$ Niobium 
or slightly more, and the eutectic containing l6,2fo Niobium.
The structure of the darker granular material as shown in 
Fig* 15*6, and again in Fig. 15*7> which depicts an area forming 
a boundary with the acicular structure occurring nearer the centre 
of the fusion zone. On the left of the photomicrograph in Fig. 
15*6-broadly formed dendrites of slightly different appearance 
to those of Fig. 15*5 are seen, and these are almost certainly 
NbNi^, probably of a composition determined by the dashed lines 
PQB. or ?ST in the region of NbNi^ (p) in the constitutional dia- 
gramfr The interdendritic areas should be eutectic under these
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circumstances, "but it was noticed that the matrix did not change 
as the boundary into the acicular region was crossed, though the 
character of the eutectic, did change* There was a restricted 
region observed consisting of whar was thought to he eutectic 
containing 16*2 at.$ Nb just in front of the Nickel tongue, The 
same did not apply to FbNi^ and it is almost certain that this 
would not form a seperate region under the conditions in the weld- 
pool, though it might he a prevalent phase* Fig* 15 .b clearly 
shows what appears to he the transition from one primary—and- 
eutectic system to another, in which the constituents have entire­
ly different physical appearances. On the right of the photo­
graph the structure consists of an acicular phase which could he 
NbNi^ of composition about 28 a t N b  together with a lamellar 
eutectic of this and the compound FbNi at 50 at jf> Nb* Fig* 15*7 
shows further detail of this structure* The shape of the NbNi^ 
in this instance is significantly different from that shown on 
the left-hand'side of the Fig* 15*6, even though hoth have a 
composition nominally equivalent to FoNi^* A possible explanation 
for this is that a difference in morphology is responsible.
Or moving away from this area* towards the Niobium side of 
the weld, the coarse needles gradually decrease' in number to leave 
a region totally of fine eutectic* This can be seen as a dark
X 750
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"band towards the right of the field shown in Fig. 15.3.
Figs 1508 shows a section of the eutectic region at a 
magnification of 750 X, together with an acicular phase which 
begins to occur as the Niobium parent metal is approached. This 
eutectic band is quite distinct and indicates a region in which 
the composition of 40.2 at. $ Nb has been maintained. The occur­
rence of this band is in direct contrast with the virtual absence 
of one for the first eutectic, The reasons for this may be that 
either there is more time available for its formation due to its 
comparatively low melting point, or the reaction rate is faster 
by comparison with the first eutectic, possibly due to the high 
degree of super—he at under which it forms or because it has a 
high free energy of formation. In any case the facts would seem 
to suggest that this is a stable alloy, and that given sufficient 
time, it would probably be the equilibrium alloy of the system.
The acicular phase seen to the right-hand side of the field 
in Fig. 15,8 can be seen in Fig. 15*9 in close association with 
the Niobium tongue. Fig. 15*10 shows an area of this band with 
the Niobium interface in the bottom right-hand corner. The 
eutectic can be seen between the needles, but this gradually 
decreases to leave the field consisting entirely of the material 
of the acicular phase, which continues to the interface with the
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Niobium. The identity of this phase is obscure. The equilibrium 
diagram is virtually unknown beyon,4 50 atOfo Niobium, but from 
the indications it would seem that this could be another compound 
of the type discussed already. It is likely', however, to be 
what is probably NbNi, and if this is true, then the Niobium 
dissolved, at least at the stage reached in this specimen, forms 
NbNi directly, then very quickly diffuses to the eutectic region.
In order to provide more information on this point, an 
experiment was carried out in which a piece of Niobium sheet, 
similar to that normally used in welding experiments, v/as dipped 
vertically into a'bath of molten Nickel at 1500°C, and withdrawn 
after 5 seconds. The reaction was fairly violent, and the result­
ant bead obtained on the end of the Niobium sheet was highly por­
ous. The experiment was conducted in a vacuum melting furnace.
The structure of the alloy formed can be seen in Fig. 15*11, 
and Figs. 15*12 and 15*13 show the interfacial region at higher 
magnification. The interface shows the structure of a typically 
corroded surface, resulting from the penetration of Nickel into 
the Niobium surface lattice, with subsequent diffusion of Niobium 
into the Nickel-Niobium alloy. A further interesting point shown 
in Fig0 15*12 and Fig0 15*13 Is that a precipitate resembling
2S5
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skeletal remains is in evidence a short distance away from the 
actual interface* -
The process of dissolution in this experiment was stopped 
"by withdrawing the Niobium from the Nickel hath after 5 seconds. 
Though the whole head was carefully examined, no other structural 
types were observed.
Now it will be remembered that it was stated previously that 
difficulty was experienced in effectively bonding the two metals 
during the welding process. This will be discussed in more de- 
tail later, but there was a strong tendency for the bead to con­
centrate on the Niobium base metal and sever itself from the 
Nickel altogether,. This led to conditions similar to cutting 
instead of welding, except that the edge of the Niobium resembled 
a dipped specimen, A transverse section of this edge was prepared 
and examined.^ and in Fig, 15 »14 the Niobium tongue can be seen 
surrounded by the acicular material already encountered in the 
specimens of weld examined. But unlike the welds, the band of 
acicular phase in contact with the Niobium (Fig. 15ol5) <"-an be 
seen to contain dendrites which bear a resemblance to those in 
Figs. 15.12 and 15.13. These are seen enlarged in Fig, 15.17.
In addition, it will be noticed that instead of just one matrix
257
CD
5^ fc> 8
FIG.15.15 X’2°FIG. 15.14
FIG.IS.16 X75° F16JSJ7 X75°
25 8
■being present as in the case of the dipped specimen, the structure
changes, as it did in the weld structure, and in Fig* 15*16 a
very similar field can he seen, and should he compared with Fig«15*8.
Hardness Traverse and Composition Analysis* - .
The result of a micro-hardness traverse on the welded spec­
imen is shown in Fig* I%l8« The outstanding features are clearly 
the very high interfacial hardnesses and the comparatively low 
value of the centre of the weld trough, which even so is still 
450 VPN* Compound formation must have been responsible for these 
results, hut this is not easy to accept in the case of the Nickel— 
fusion zone interface, where the compound NbNi-, should only have 
heen present as a eutectiferous precipitate* But it is possible 
that this local hardening was due to precipitation on cooling of 
NbNi^ from supersaturated Nickel solid solution* It is doubtful 
whether the rate of cooling was fast enough to suppress precipit­
ation, so that high stress in the region of the interface was a 
possibility* With the formation of the primary solid solution- 
eutectic relationship, this stress would be decreased, though the 
hardness would retain a certain high level (about 450 VPN in this 
case). The rise in hardness as the Niobium boundary was approach­
ed was almost certainly due to succeeding structures culminating
/  - 
in what was thought to be NbNi associated with the interface*
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It is also interesting to note the comparative hardnesses 
of the melt-hack and dipped specimens* These are shown tabulated 
in Table 15»1
TABLE 15 a
Area Hardness VPN
Weld Melt-back Dip
Nb parent plate close to 
interface 100 119 190
White interface layer in 
Pig. 15*10 630 718 386
Eutectic, Pigc. 15*8 604 752
not
present
Needles, Pig* 15*16 - 750 n
Dendrites, Pig. 15*17 - 199
not
measa K ’e
These results show that the small dendrites observed in the 
melt-back specimen may have been simple Niobium-rich solid solut­
ion, though this is challenged in the discussion at the end of 
the Chapter* The white acicular phase associated with the Nio­
bium interface was almost certainly the compound NbNi, and the 
hardness of the eutectic in the two specimens- agreed fairly closely*
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These measurements provided interesting corroborative 
evidence for the observations on the microstructures, but the 
graphical composition analysis revealed that the overall fusion 
zone contained 59«5 at«$ Ni and 40.5 at* $6 Nb. This placed the 
alloy slightly to the right of the eutectic at 40*2 at.^Nb. This 
was extremely close, and was considered to be another example of 
the possibility of the lowest melting point alloy of the system 
being the eventual equilibrium alloy*
Discussion0
A somewhat puzzling feature of this system was the observ­
ation that the small skeletal dendrites did not appear in the 
welded sections examined, but only in the dipped specimens. The 
answer to this probably lias in the level of saturation. The 
dendrites themselves could have been Niobium containing small 
amounts of Nickel, formed by solidification or precipitation from 
the surrounding medium. The hardness data supports this view.
The dendrites have solidified in a molten matrix which subsequent­
ly solidified itself into the acicular phase. Thus, in the 
dipped specimen shown in Pigs. 15*12 and 15*13 the small size 
and relative scarcity of dendrites indicates that the matrix was 
only just supersaturated, whilst in the melted back specimen 
shown in Pigs. 15.15 and 15.17? saturation with Niobium was at
262
a much higher level since the dendrites are larger and more 
numerous. The absence of dendrites in the welded specimen (see 
Pig* 15.10) would suggest that the matrix was not saturated at 
that stage, and the hardness figures show that it was slightly 
softer than the melted back specimen* The reasons for these 
differences in saturation must lie in diffusion rate variations 
and the differences in concentration gradients. In the dipped 
and melted back specimens the reaction would be slower, since the 
molten bead was cut off from its source of Nickel supply during 
the process, thus tending to decrease the concentration gradient 
and slow down the rate of diffusion. The successful weld, in 
comparison, maintains not only the source of Nickel, but also a 
high state of agitation, with the result that the Niobium is 
quickljr absorbed and the concentration gradient maintained, thus 
allowing diffusion to occur as rapidly as possible, and never 
allowing the alloy in contact with the Niobium to reach saturat- . 
ion# Hence no dendrites would be seen. This argument depends 
a great deal upon visual examination, because the Niobium-rich 
end of the constitutional diagram is unknown.
However, the work, of Birks and Seabold^ on the diffusion 
of Niobium with Nickel provides indications of structural ident­
ification which closely compares with the present work. In some
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specimens, those treated at 1075°C for 24 hours, a precipitated 
phase identified as FbgNi in NbNi matrix was reported© In ex­
periments carried out at higher temperatures (llOO°C) where dif­
fusion rates were presumably faster,. NbgNi was not formed hut 
instead various proportions of NbNi and NbNi^ were observed©
Though the conditions under which the respective works were 
carried out differed appreciably, there is little doubt that the 
phases appearing were similar© The main difference was in the 
extent of the alloy zonesa Birks and Seebold were able to use an 
electron-probe analyser to trace composition variation through 
their diffusion zones, with the result that the principal phase 
of the system was found to be NbNi, though considerable precipit­
ation of NbNi-, occurred in higher temperature experiments© It
-j
would seem that the alloy'was attempting to form the low melting 
point eutectic, which, incidentally, Birks and Seebold reported 
to be 75°C lower than that quoted by Pogodin and Selikman*% i®e* 
at 1100°C instead of 1175°C©
It is interesting to note that two physical forms of NbNi^ 
were shown by the work of Birks and Seebold^ one was acicular and 
the other, in contact with the Nickel base metal, was of a granular 
nature but showed no intergranular phase® The concentration- 
distance curves showed a steep change in concentration in these
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areas so that it would seem that NbNi^ was formed directly in this 
case, whilst NbNi was formed directly at the Niobium interface.
In the welds, the latter of these observations was in agreement, 
but at the Nickel interface it appeared not to be true. Again, 
the precipitated material in the melt-back and dip specimens may 
have been the NbgNi noted by Birks and Seebold in their lower 
temperature experiments, 'they also reported that NbNi constituted 
the entire matrix phase of their high temperature diffusion' zone, 
and at first, it was thought that in the present welded specimens 
this was also the case. But after careful examination using a 
sensitive tint microscopic technique, the matrix of the weld 
fusion zone was found not to be continuous throughout, but changed 
with the occurrence of the granular NbNi^ phase.
Structures of the type exhibited in the Niobium-Nickel 
system are not uncommon in binary alloys. For instance, the 
Magnesium-Copper system, the constitutional diagram of which bears 
many similarities to the Niobium-Nickel diagram, shows structures 
resembling those reported here# The Magnesium-Copper diagram is 
shown in Fig, 15#19* Alloys containing about 52$ Copper show 
large grains of compound Mg2Cu .surrounded by a small amount of 
Mg-Mg^Cu eutectic0 But alloys containing 37$ Ou show acicular 
or plate-like Mg2Cu in Mg-MggCu eutectic. These structures in
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particular resemble-those shown in Fig* 15«6 to a fairly close 
degree.
The inadequacy of the constitutional diagram of the Niobium- 
STickel system led to the difficulty of phase identificationP But 
from the observations it could “be predicted that from 50 at.$ 
to 100 attfo Hiobium* the diagram is of a simple peritectic form* 
if the dashed lines at 50 at„$ Nb and at 1280°C and 1250°C are 
correct® The value cf free energy •* concentration measurements 
using electron-probe micro-analysis cannot be over-estimated in 
a system such as this which exhibits an almost complete range of 
alloys in the welded specimens. A possible diagram is shown in 
Figo 1 5.2 0.
Undoubtedly* the formation of so many different phases 
causes the overall reaction rate to be relatively slow* especially 
when compared with a simple system such as Niobium-Vanadium where 
the equilibrium condition is reached quickly, and composition 
variation is almost undetectable. Cases of complex alloy form­
ation would probably be certain to cause slower reaction and a 
spectrum of alloys* especially if the activation energies for the 
formation of the compounds were high. Very much slower rates of 
traverse would allow more time for equilibrium attainment* but
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these usually result in collapse of the head due to the weight of 
molten material overcoming the retention effect of the surface 
tension. This indicates to some extent the importance of surface 
tension and wdtability, a factor which is discussed in Chapter XVI. 
Examination of Fig. 15o2 shows that there was a tendency for the 
fusion zone alloy in contact with the Nickel to climb out of the 
fusion zone. It then solidified and was retained in a suspended 
situation,. The underside of the weld showed similar tendencies, 
and it appeared to indicate a certain reluctance on the part of 
the fusion zone alloy to wret the Nickel. As already described, 
it was possible to carry this to extremes, when a complete break 
in the continuity of the joint resulted in the condition illus­
trated in Figs- 15ol4 to 15.17» The reasons for this phenomenon 
would be connected with the contact angle between the molten 
fusion zone alloy and the Nickel parent plate. To prevent wetting 
altogether, the contact angle would approach 180 degrees of arc, 
but here a borderline condition may exist such that a restricted 
contact occurs. This would interfere with diffusion, and v/ould 
tend to act as a factor against fast rates, thus indirectly 
affecting the attainment of equilibrium.
It will be noticed also in Fig, 15*2 that there appears 
to be no wetting difficulty where Niobium is concerned, so that
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the rate of dissolution depends upon the Nickel side of the sys­
tem for the overall rate determining factor.
These observations offer support to the hypothesis that 
once formed, the lowest melting alloy of the system becomes the 
solvent for both parent metals. If the Nickel has to be wetted 
at all by the fused alloy, then the Nickel is being dissolved and 
not melted, otherwise coalescence would be normal because a sol­
ution forms readily as has been shown in the equilibrium diagram. 
It has been shown, in addition, that observations imply dissolut­
ion of Niobium, therefore both Niobium and Nickel were dissolved 
by the fusion material, which in this case was probably the low­
er eutectic. They would not be dissolved by this directly, of 
course, but through a concentration gradient. At equilibrium, 
the indications are that it would be possible for direct dissolut­
ion to occur, once the initial stages of melting had been com­
pleted.
The data provided by the hardness measurements and analysis 
are in accordance with the predictions and assumptions made in 
discussing this system, and assist in presenting a strong case 
in favour of double dissolution by the low melting point eutectic, 
following initial alloy formation. However, an assumptions still
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has to he made in respect of weld-pool temperature, which must 
lie below 1400°C hut ahove 12'70°C, possibly at T^ on the equil­
ibrium diagram, since it is unlikely that weld-pool temperatures 
would fall below th^s figure, only 100°C above final eutectic.' 
temperatureo Also, diffusion rates would be relatively slow 
under these conditions, so that the structures would probably 
not form in the configuration observed0
The explanation ior the absence of any definite "tongue” in 
the Niobium-Nickel weld was somewhat difficult to envisage in the 
light of the observations© Such as it., was, i’t could have been 
said to have existed in the Nickel rather than the Niobium. The 
obvious explanation on which to fall back would be that the 
Nickel allowed the abstraction of heat to be effective enough to 
prevent the temperature criterion, a difference of 1000°C in this 
case, from being the determining factor* But that precise fact 
seemed to cast considerable doubt upon the veracity of this 
explanation, when it was remembered that this did not occur in the 
Copper~Nickel welds, where the temperature was only 400°C at 
variance and the heat abstraction tendency much greater, in 
favour of Copper.. In any case, the heat abstraction ratio for 
Niobium—Nickel was found to be only 0 . 9 so’that it seemed un­
likely that this had any appreciable effect on the process except
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perhaps initially when the first material was being melted* A 
higher melting point material could melt before a lower melting 
point material if the lower one had a sufficiently high conduct­
ivity, but after a thermal bridge was formed, conductivity would 
be no longer of immediate importance* The important factors 
would then become temperature, activation energy, free energy of 
solution, concentration gradient, and the laws of alloy formation*
An alternative explanation for the absence of a definite
tongue formation does present itself* It would be based on the
prevention of wetting of the underside of the Niobium by liquid
Nickel* Since compounds of high melting point^appeared to be
formed it was possible that their high surface tension and vis-
3cosity would interfere with the spreading process » This would 
suggest that Niobium had no alternative.but to dissolve on a 
vertical front giving an absence of tongue-shaped contour at the 
interface*
It is seen also from the photomicrograph Fig* 15*2 that the 
fusion zone material, especially the Nickel-rich alloy, has tended 
to enfold the Nickel base metal without, causing any melting and 
very little dissolution of the Nickel itself. This appearance 
suggests that the relatively high melting point compounds inter­
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fere with the alloying process due to their viscosity and surface 
tensions decreasing subsequent alloy formation rates extensively#
In effect they would form a physical barrier^- by virtue of the 
decreased rate of diffusion possible through them, and also re­
tard agitation of the pool# Thus, not only will tho Niobium, be 
dissolved on a vertical front, but also comparatively slowly, 
accounting for the wide spectrum of structures observed.
In conclusion, it is considered that this system is an 
example of dissolution of both components by an alloy of comp­
osition intermediate between the two. The rate of equilibrium 
alloy formation was affected by several stages in the alloy 
range which tended to interfere with the diffusion process, due 
to the formation of stable compounds, which acted as effective 
diffusion barriers. The structural identification is considered 
to be as follows:
Niobium — NbNi - NbNi + NbNi., — NbNi^ + Eut. - NbNi- +(a+NbNi^) -Ni
(eutectic) (acibular) (granular)
NbgNi (depending on conditions)
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CHAPTER XVI.
GENERAL DISCUSSION.
The Mechanism of the welds Dissolution as a Stage Process#
From previous considerations, it was prohahle that the 
equilibrium composition of fused metal formed during the weld 
cycle would be that corresponding to the lowest melting point 
alloy of the system, and that this composition would be maintain­
ed constant as melting and dissolution proceeded by the solvent 
metal dissolving just sufficient solute to keep the fused alloy 
at a stationary, equilibrium composition. This process was some­
what difficult to visualise in systems forming a continuous 
series of solid solutions without minima or maxima, and in this 
case some other criterion would determine the equilibrium compos­
ition. But in other systems it did seem to apply.
In systems in which a low melting point alloy is formed 
such as a eutectic, it is probable that after initial melting 
and alloy formation, the melting point of this alloy will be low­
er than either one or both of the parent -metals, and subsequently
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it is this melting point which becomes the important one relative 
to the parent metal melting points* This could mean that after 
initial melting, involving melting one metal and its dissolution 
of the other (first stage), the equilibrium composition alloy 
becomes the solvent and dissolves both parent metals (second stage), 
the rate of dissolution of each being sufficient to maintain an 
equilibrium composition. In any case, the high melting point 
metal is dissolved by alloy rather than pure solvent, but the in­
ference here is that where a minimum occurs, it is likely that a 
melting temperature difference between this and the parent metals 
becomes the important factor, as well as the overall pool temp­
eratures Where this minimum approaches the melting point of 
either parent metal, the effect may not be noticeable, but if it 
is pronounced, the phenomenon is a possibility. Further, the 
energy required to maintain welding in stage two would be a great 
deal less than that required to initiate stage one, and in the 
experimental work, it was sometimes necessary to decrease the 
current input in stage two, in order to prevent cutting, thus 
automatically conforming with these energy requirements. If the 
current was not decreased, and cutting did not occur, overshadow­
ing of the effect may have been the result. .But against this it 
could be argued that the weld width would adjust itself, by setting 
up a heat balance so that equilibrium conditions are fulfilled
276
whatever the energy input* This is partly true since weld width 
(and therefore solution fronts) are dependent upon current input 
and traverse rates, so that the dissolution zones will merely 
move away from each other to conform to the energy input* In this
case one would expect a double tongue, as reported by Theilacker
1
et al* in Hafnium-Zirconium welds* But as far as is known at 
present, there is no minimum in the Hafnium-Zirconium diagram 
(Fig* l6«l), and since the concept of double dissolution relies 
on a minimum, it would seem that the idea is refuted* But in 
this case there may be some other determining factor, such as a 
dependence upon the rate of formation of the equilibrium alloy*
If this was reasonably fast, occurring early in the process, the 
formation of a double tongue would be more likely than if the 
process were slow or impeded*
In connection with the single tongue formation in Niobium- 
Vanadium welds, the diagram for which shows a minimum, it is 
possible that the double dissolution effect is overshadowed by 
the relatively close proximity of the minimum to the Vanadium end* 
There is about 50°C difference in melting points between Vanadium 
and the minimum alloy. Since the weld pool is normally super­
heated by at least 200°C, it would net be possible to have double 
dissolution in this instance*
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It seems probable, therefore, that there may be variations 
of the dissolution tongue effect to suit individual systems, i.e. 
in Mobium-Vanadium, simple single tongue dissolution, (double 
dissolution overshadowed)? in Copper-Nickel, straight forward 
single tongue dissolution? in Mobium-Mekel, a more complicated 
mechanism, since it is possible that a double tongue may form, 
and as there is evidence for tongue formation on the "wrong” 
side, double dissolution may explain 'this, But with the Niobium- 
Nickel system, it is difficult to establish which composition 
is prevalent. Also the presence of intermetaliic- compounds almost 
certainly acts as a barrier to diffusion, fusion zone stirring, 
and homogeneity, and causes a gradation of composition.
Another point which deserves attention is that in Copper- 
Nickel where no minimum is concerned, the fusion zone-Copper 
boundary will move out as far as the melting point of Copper 
(l083°C), and the fusion zone-Uickel dissolution boundary will 
move out to an equilibrium position dependent upon the energy 
available. In ITiobium-Vanadium, however, where a minimum is in­
volved, it may be possible that the apparent fusion zone—Vanadium 
boundary is really a solution boundary dependent upon the equilib­
rium (minimum) composition alloy melting point, i.e., this 
boundary is farther out than would be expected. The straight
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form of the boundary would be due to the fact that most of the 
formation of the fusion zone occurs at a temperature in excess of 
l860°C and only a small distance exists between melting and dis­
solution contours. To be maintained to equilibrium a tongue must 
begin to form close to the onset of stage one. If it does not, 
it may be partially formed or completely undetectable, and this 
will depend on the difference between the melting point of the 
equilibrium alloy and the lower melting point parent metal#
The experiments with the system Molybdenum-Nickel have 
shown compound formation at layers adjacent to the solution 
boundary. The layers are fairly wide and thus tend to support 
the idea of interference with the formation of equilibrium melt 
composition set out earlier. But in this case, consideration 
must be given to the fact that the melting point of Molybdenum 
is high compared with most of the other metals investigated, and 
thus the gradation of composition in Molybdenum—Uickel could be 
attributed to sluggishness arising from the comparatively low 
temperature of the process with respect to the melting point of 
Molybdenum itself, rather than to any interference process. An 
interference process may be physical, of course, or it may be 
dictated by difference in relative energiesof formation.
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The structure of the fusion zone in the region of the tongue 
is typical of the structures observed in solid-liquid dissolution 
processes. It is apparent, therefore, that in the case of Moly- 
bdenum-Nickel for instance, the region of the fusion zone in 
immediate contact with the Molybdenum is not totally liquid during 
the welding cycle, but “pasty11, while the eutectic areas and 
regions beyond, are liquid. This implies that the dissolution 
mechanism, in this example, occurs in two seperate stages* Init­
ially, the molten Nickel, on contacting the Molybdenum, will set 
up a liquid-solid diffusion couple, and as Molybdenum is dissolved 
the dissolution front will move back, and the Molybdenum concen­
tration front will advance into the turbulent fusion zone proper, 
the Molybdenum-rich and eutectic zones being fairly quiescent* 
Following the formation of the first alloy, the mechanism at this 
interface will be one of dissolution of solid Molybdenum by 
diffusion of Nickel atoms into it, and liquid-liquid diffusion 
across the concentration gradient of the subsequent layers. The 
liquid-solid diffusion rate, which determines dissolution rate, 
will be slow compared with the liquid—liquid diffusion rate, and 
dependent upon temperature and concentration gradientr Under 
equilibrium conditions the diffusion rate will be constant unless 
the temperature is raised and the corcentration gradient changes* 
This applies to the liquid-liquid diffusion region, but the whole
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process must be governed by the rate of dissolution of Moly­
bdenum and this will slow down as jhe concentration gradient with 
respect to Molybdenum decreases.
At the opposite end of the fusion zone, there will be a 
layer of molten Nickel, unalloyed, which will be one partner in 
the liquid-liquid diffusion couple of Nickel-Nickel-rich alloy* 
Here, the diffusion rates will be very rapid, and a local equil­
ibrium composition in this region is feasible. This contrasts 
with the Molybdenum side which is comparatively sluggish.
In the Molybdenum-Nickel system it ?ri.ll be noticed that the 
regions cf the fusion zone near the roots of the tongue are 
mainly eutectic0 This would be due to the fact that after the 
first Nickel has formed an alloy in these areas, it becomes in­
creasingly difficult for more Nickel to reach them since these 
zones are fairly quiescent, and the distribution of Nickel there­
fore relies solely on diffusion. Since the time available is 
limited for the process as a whole, these areas are comparatively 
Nickel deficient, and consequently more eutectic is found there 
than elsewhere.
Thus it would seem that the composition of the alloy formed
28 2
is governed partly by the rate at which the high melting point 
metal will dissolve and diffuse. It is governed also by the rate 
at which the lower melting point metal will diffuse across the 
pool. This latter is much faster, and well distributed, due to 
the violent stirring effect in the weld pool, which means that 
the Molybdenum must diffuse quickly enough to attempt to reach 
the equilibrium alloy composition. Whether it does so depends 
upon the temperaturer and the time available (i.e., rate of 
traverse). In some cases, such as jffiobium-Vanadium, equilibrium 
is almost certainly reached, but in the case of Molybdenum-Nickel 
where the process is sluggish, the principal alloy formed will 
not be the equilibrium alloy.
Under equilibrium conditions, the alloy composition will 
be dependent upon the temperature of the system. Kinetically, 
the greater the difference between the pure' metal melting points 
and the melting temperature of this alloy, then the greater will 
be the tendency for it to form, providing there are no inter­
mediate phases in the system. The presence of these would modify 
the rate of attainment of equilibrium.
In systems in which no complications exist, as in Copper— 
Nickel for instance, it is possible that the composition of the
283
fusion zone alloy at equilibrium will depend upon the heat of 
formation of that alloy. The rate at which this alloy composition 
is attained^ / will depend upon the temperature, and more specif ic^ - 
ally upon the energy available per unit cube of material* i The 
heat of formation must vary with composition, so that in systems 
which only achieve a stage In equilibrium attainment the treatment 
must be a kinetic one. What may be termed the ’’alloying tendency” 
or ’’solution potential” of the solute becomes more important.
This is obviously related to a change in free energy levels via 
the concentration gradient.
In an anomalous system like Niobium-Nickel, it would seem 
that the establishment of the compound NbNi^ may dictate the 
subsequent solution of Nickel to give an equilibrium alloy comp­
osition of eutectic (16.2$ Nb) in this region* Under these 
circumstances, Nickel would behave as the higher melting point 
metal* The Niobium end of the system, also showing evidence of 
a tongue, may behave in the same way, and in fact the observations 
in Chapter XV strongly suggest this*
Composition Trends in Solid Solution Systems.
Following the determination of the percentage compositions 
of the overall fusion zones in these systems, a distinct trend
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was noticed in wnich the composition was seen to move from right 
to left in Fig. 16.2 in the order V-Fb, Fb-Ta? Hb-Mo, Cu-Fi*
This also happens to he the order in which these systems are con­
sidered in the present works,
At first it was thought that the trend was dependent upon 
the melting point of the higher melting point metal in each case. 
Certainly, in the systems Fb~Ta? Fb-Mo and Cu-Fi the composition 
moved to the left as the melting point of the higher melting temper' 
ature metal decreased. But the Fb—V system did not maintain this 
trend, as can he seen in Fig. i602, since that Tantalum melting 
point is higher than Niobium. This led to the suggestion that the 
differences in the melting points of the components might he a 
determining factor. In this case- the trend was established for 
Fb-V (560°C), Fb-Ta (540°C), and Fb-Mo (150°C), but Cu-Fi did not 
fit into the pattern with a temperature difference of 370°C.
;
These anomalies seemed to suggest that the effect of the 
minimum in the system Fb-V in some way gave the alloy an abnormal 
tendency to Fiobium richness,. If the minimum is taken into account 
the temperature extremes for the system give a difference of about 
6lO°C, by far the largest of the series. Other factors which made 
the conditions for each system more complex were the relative
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heat abstraction tendencies and heats of solution. The energies 
required to bring about the weld under controlled conditions of 
melting and dissolution also varied. The heats of solution could 
not be assessed, even if they were a criterion in themselves, 
but the relative heat abstraction tendencies, which affect the 
quantity of energy available for alloy formation were found, and 
are shown in Appendix X, Table A1.4; From this Table, it can be 
seen that the ratios favour the materials in which the tongues 
are formed.
The energies necessary to bring about melting of only the 
low melting point component are reflected in the currents used, 
but these energies were subject to conductivity losses. It will 
be remembered that in the system Cu-Fi, the Fickel actually melt­
ed first, because the heat abstraction tendency of Copper was 
high enough to prevent it melting directly until the thermal 
bridge had formed. With these conditions in mind, the object was 
to keep the temperature of the molten pool in between the melting 
points of the two components, and it would seem that the level 
of this temperature was responsible for the resultant overall 
composition, which probably did not change greatly from commence­
ment to completion of the process« This would account for the 
apparent anomaly in the case of the system Fb-V, where it v;as
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originally postulated that the alloy formed should approach in 
composition the lowest melting temperature alloy of the system*
This was far from the case in fact, as shown in Fig* 1602* The 
following explanation would seem to clear up this matter, and also 
account for the composition trend observed in the series of 
systems, which,it should be noted, are all continuous series of 
solid solutions at all concentrations*
Considering the system Nb~V, in the experiments the con- 
ditions were adjusted so that the Vanadium melted first, i*e* 
the average temperature of the melt was in between the two comp­
onent melting points, and probably about 250°C above the melting 
point of Vanadium* The sequence of events which would take place, 
vdth respect to composition, and assuming a thermal equilibrium 
had been established, would be as followss the first Niobium 
would be dissolved and the liquid would become richer in that 
metal, the composition gradually moving to the right in the dia­
gram Fig* 16*3„ In the region of the Niobium interface a fairly 
static layer of composition variation would exist across which 
Niobium would diffuse into the bulk of the fusion zone* Dissol­
ution would continue, if allowed to do so, until such time as the 
equilibrium composition was attained corresponding to the temper­
ature T@ which represents the temperature equilibrium for the pool#
'^,p,,*W5Bsb= .
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Under these conditions, at the Niobium interface, liquid of comp­
osition 'A1 would be in equilibrium with solid of composition ’B ’ 
in the form of a thin layer, in contact with the unfused Niobium* 
While the temperature remained constant, the relationship between 
Vanadium and Niobium in the pool could not change* Slight adjust­
ments would take place, of course, as the energy equilibrium, 
which determines the equilibrium temperature of the pool, was 
fully established or was slightly changed*
If an energy equilibrium was set up, then dissolution of 
Niobium would continue until all the factors affecting it were 
themselves in equilibrium,, E*g*, the tendency to dissolve more 
Niobium Wuuld require an increase in temperature for which no 
energy was available* At the Niobium interface, saturation would 
result in the reversible reaction
Nb (in solution) Nb (deposited) 
occurring, thus preventing further progressive dissolution.
The relatively fast cooling rate of the specimen would 
suppress any major composition changes from those, .of the fused 
state. This means that the solid composition at room temperature 
would lie somewhere between A ’ and B 1, i«e*, at about JO at»fo Nb*
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The importance of the region between A and B can be seen, 
since it partly affects the dissolution rate of Niobium* It is 
narrow in this case, though this does not necessarily mean that the 
region represented by it in the microstructure is thin* This 
will be determined by other factors such'as viscosity, and the 
channelling of energy requirements for stable compound formation*
In the case of the'Nb-V system, the absence of a detectable layer 
of composition variation at the Niobium interface indicates that 
little interference with the solution process occurs* In other 
systems, similar principles would apply, with certain reservations. 
In the system Nb-Mo, where the melting point difference is small, 
thermal conductivity would become a more effective factor* Moly­
bdenum has a heat abstraction tendency 2*15 times greater than
\
Niobium* Probably the fusion zone temperature, before Molybdenum 
dissolution, was higher than the melting point of Molybdenum, 
but it was prevented from melting by the relatively high con­
ductivity. On establishing a thermal bridge, the current was de­
creased in these experiments to bring the pool temperature to a 
value in between the melting points of the components (otherwise 
cutting would occur), where it would be about 100°C above the 
melting point of Niobium, This would give an alloy of about 
50 at,<f) Molybdenum. But obviously, the exact control and measure­
ment of the temperature of the pool was virtually impossible,
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so that the alloy formed could have a composition which varied
considerably from specimen to specimen* This is an inherent
difficulty with a rather flat solid solution loop, though a min-
2
imum has been reported recently for this.system* Of course, the 
composition does give an indication of weld-pool temperatures - 
in this case about 2530°C<, Alternatively, the composition can 
give an indication of the stage attained towards equilibrium 
composition* If the composition varies over a wide band at the 
dissolution interface, this shows that sufficient time has not 
been available under the prevailing conditions for the equilibrium 
composition to be achieved* In the case of the TTb-V system, no 
such layer was detected, so that it may be assumed that the equil~ 
ibrium composition was closely approached*
The presence of a minimum in solid solution systems, and 
of low melting point alloys in more complex systems, probably 
affects the rate at which the dissolution occurs* For instance, 
in Nb-V, the rate at which the minimum composition is attained is 
probably quite rapid, because this represents a comparatively 
lower energy state* The climb to the equilibrium composition 
would not be so rapid, and would become increasingly sluggish as 
the concentration gradient with respect to that value decreased* 
There are no complications in this system to modify the rates.
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but where they occur, it is possible that only sufficient time is 
available to allow the lower melting point alloy composition 
stage to be reached*.
In the example of Cu-Ni, where there.is a steep gradient 
loop* the low Nickel composition appears to be anomalous. However, 
a simple explanation is possible* It will be recalled that in 
order to form a molten pool, the Nickel had to be melted first, 
due to the high thermal conductivity of Copper* This being the 
case, the initial pool temperature was well a*bove 1450°C, though 
reduced on formation of the thermal bridge, not in this instance 
because of current reduction, but because of rapid heat abstract­
ion, Thur, the temperature of the pool would be comparatively 
low, about.1200°-1250°C, but the rate of initial dissolution 
and subsequent fusion of Copper would be rapid. Hence, rather 
less Nickel than would be expected would be found in the fusion 
£one alloy. It is probable, therefore, that the separate starting 
mechanism interferes with the subsequent attainment of compos­
ition and energy equilibria, and it is felt that this low? Nickel 
figure is not representative of the equilibrium composition, 
for which insufficient time for formation was allowed by the 
standard traverse rate*
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Thus it would seem that the composition of the fusion zone 
alloy is dependent upon the fusion zone temperature, at least in 
systems forming continuous series of solid solutions* Systems 
forming eutectics and compounds are more .complicated, and in 
general apparently obey the empirical rule of lowest melting 
point alloy formation, but more probably are subject to the same 
mechanism as solid solution systems.
The fusion zone temperature, assumed constant throughout 
the zone, is itself affected by the distribution and. quantity of 
heat energy available, as well as, indirectly, the time factor. 
The situation where the fusion zone temperature lies' above the 
melting points of both components is a consideration which is 
discussed with temperature constancy.
But in all cases, from the evidence., it can be said that 
the equilibrium composition is determined by the temperature of 
the pool. The -rate at which that composition is attained depends 
upon dissolution rates and diffusion rates of solute,(and of 
solvent in the first place to form the first alloy,'a fact which 
involves the enrichment of the solute with solvent, e,g«, Niobium 
with Vanadium in the solid, the composition travelling to the 
left in Fig, 16,3)* In more complex systems, modification of the
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rate would occur due to the formation of eutectics and compounds©
Temperature Distribution in the Weld-Pool,
3
The work of Rabkin“ on the temperature distribution in an 
aluminium wel4~pool is of great importance in the consideration 
of temperature distribution in the welds in the present work,
Rabkin was able to employ chromel-alumel and Pt-Pt/l3$ Rh immer­
sion thermocouples, and he studied the effects of welding rate, 
arc voltage and parent metal temperature on the distribution of 
temperature in the weld-pool. Though the temperature distribut­
ion would be affected by different metal thermal properties, the^ 
general results vrould still be applicable no matter what system 
is studied, A dissimilar couple would further modify the parent 
metal isotherms, but weld-pool agitation should ensure a consid­
erable measure of application of Rabkinfs results to these systems. 
However, it should be realised that Rabkin used consumable elec­
trodes, so that any modification with respect to non-consumable 
electrodes used fcr plain fusion welding is not known. Also, 
he measured the distribution longitudinally and not transversely, 
so that further allowance has to be made here, (See Fig* 16*4)*
The plate with which the work was conducted was 18 m,m. 
thick, for which the electrode wire diameter was 2,85 m,m. The
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wire was fed at 232 m/hour. The current was 390-430 amps® at 
39~41‘ volts D.C. (reversed polarity). Standard traverse rate 
was 27 cm/min.( approx* 10^5 ins/mini)• All these factors are 
quantitatively much larger than those of the couples which have 
been investigated in the present work, but there is no reason 
to suppose that overall conditions would be drastically changed 
because of the difference in scale.
The interesting facts obtained from Figa 16.4? however* 
show that just under the arc, the temperature of the pool was 
extremely high. A thermocouple just below the surface gave a 
reading of 1600°C, whilst the actual surface temperature was very 
much higher. But 5 m.m. beyond this point the temperature had 
fallen to 1200°C just under the surface, and 20 m.m. behind was 
below 1000°C. The rate of decline decreased, so that 40 m.m. 
behind, the temperature was 700°C,
The temperature of the bottom of the pool, under the arc, 
was a maximum at 1100°C, and fell to 700°C only 20 m.m* behind,.
It was noticeable that the temperature gradient in the bulk of 
the liquid zone away from the immediate influence of the arc was 
remarkably uniform, even for so large a pool.
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Another interesting factor shown in Fig. 16.4 is that, apart 
from the surface temperature curve, there was no marked gradient 
as the liquid-solid interface was crossed. At the surface, the 
kink was said to he due to the intense surface current flowing to 
the reaf, talcing with it heat, and also to the latent heat of 
crystallisation.
The effect of weld speed (traverse rate) was also important. 
As the rate increased, the peak temperature moved further forward, 
and the gradients ahead of the weld became steeper, whilst those 
behind became shallower. In addition, the maximum temperature 
attained decreased, and the length (and presumably the width) 
and penetration decreased similarly. These effects are to be 
expected. The problem now becomes one of relating these facts 
to transverse sections of the pure metals fusion welded under 
conditions prevailing in the present work. Within the limitations 
already outlined, this is net too difficult.
It will be recalled that the temperatures of the weld-pools 
were considered to be constant except at the interfaces with the 
heat affected zones, where gradients would exist. This situation 
is illustrated in Fig- 16,5? in an idealised form for a typical 
cross-section for a dissimilar weld. The marked changes of the
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gradients at the interfaces, compared to lack of them imRabkinTs 
work, would he due to the very much smaller molten mass in which 
local gradient changes would "be emphasised. The peak in the 
curve *A’ would he caused by the local hot-spot directly under 
the electrode, but the average temperature of the circulating 
molten metal would be approximately equivalent to the horizontal 
section of the curves. The proposed thermal pattern for a cross- 
section of a fusion zone is shown in Fig, 16,5. In this case a 
Niobium-Vanadium couple has been chosen, and the isothermal areas 
have been indicated with cross-hatching. The dashed lines super­
imposed on the diagram represent temperature contours or iso- 
thermals with respect to the solid base metals.
It is unfortunate that the experimental work designed to 
substantiate these patterns was not entirely successful,- (See 
Appendix II). Nevertheless, it is believed that on the basis of 
the metaliographic observations and the established mechanism 
of tongue formation that these thermal patterns exist as proposed. 
The state represented in Fig. 16.6 is not one of equilibrium, 
but a stage in that direction. It is thought that the Niobium- 
fusion zone interface would eventually move back onto an isothermal 
if it were given sufficient time. This means that eventually the 
dissolution front wouI.d coincide with a temperature front, at the
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same time fulfilling the requirements with regard to composition 
which were discussed earlier*
It should he noted that the high temperature area (2500°C +) 
in Fig* 16*6 is ahove hoth parent metal melting points* If this 
area were extended or its temperature raised, then in the absence 
of thermal restraint, the solid-liquid interfaces would move 
back to establish another equilibrium position, and accommedate 
the enlarged thermal pattern* Increasing the molten zone extremes 
may introduce more complicated patterns and in any case eventual 
fusion zone break-down*
Kinetic Considerations*
Factors affecting the solution rates of solid metals in 
liquid metals and general studies of the mechanisms of interaction 
product formation have been carried out by numerous investigators*
Ward'and Taylor^" reported the results of their work on 
dynamio solution rate studies of solid metals in liquid metals, 
and found that even a mild agitation greatly increased dissolution'
9
rate in the systems they studied* The welds in the present work 
could not be called static by any means* Ward and Taylor present­
ed several concentration/time relationships to illustrate the
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effects, But their ultimate concentrations were quite small, 
e,g,, about 0,70 Wt*fo Copper in Bismuth at 410°C,
5In previous work , they established that under static and
1
isothermal conditions, dissolution could be expressed by:- • .
nt = no( l - e- ^ A ) )
where n^ « concentration of solution at time t,
nQ « saturation concentration at a fixed temperature,
k s* solution rate constant at a fixed temperature,
S s* area of solid exposed,
V = volume of solvent.
Ward and Taylor then related solution*-rate~constant to 
temperature with the Arrhenius-type equation
Jc.ko
where AB «= activation energy for the solution process,
and T « absolute temperature.
In the welds of the present work it would be very dangerous 
to apply these expressions haphazardly. To begin with, static 
conditions do not apply. Secondly, the concentrations have far
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higher values, and thirdly in many cases interfering processes, 
such as compound formation, occur freely. Finally, temperatures 
are much higher.
Some of these objections can be allowed for in dynamic 
studies, and Ward and Taylor found that whilst the dissolution 
expression
n+ . n (1 - e - ^ S/V))t ov J
still applied, the effective solution rate was controlled by the 
rate of transfer, by convection and turbulence, of solute atoms 
from a saturated layer, adjacent to the solid-liquid interface, 
into the bulk of the liquid metal. Thus the rate of passage of 
solute atoms from the solid surface to this layer was not the ; 
rate-controlling stepc But this was not the conclusion reached 
by Graham and Wilson^ in their studies of iron solution rate 
in liquid Bismuth from ferritic steels. In explaining the re­
duction in solution rate with increasing Chromium content, the 
solution rate appeared to be governed by the rate of passage of 
solute atoms across the liquid-solid interface. Since 2C0 ppm 
of Zirconium were added to the liquid metal, complications im­
mediately set in, such that a possible compound layer was formed, 
interfering with the solution rate of Iron and the equilibrium 
concentration. This latter may have been due to the presence
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of Zirconium in the Bismuth. ,
The functions of compound layers at the solid-liquid 
"boundary have been described by Mackowiak and Shreir^ in their 
work on the dissolution of solid Titanium of square section in 
in liquid Aluminium, The build-up'of unusual cruciform inter­
action layers were reported which were explained on § basis that 
stresses were developed due to the formation of TiAl^ at the 
Titanium surface, which was of greater volume than the Titanium 
consumed. This led to rupturing at the corners of the Titanium 
slug, and formation of the cruciform pattern. Only unidirectional 
diffusion, of Aluminium to Titanium, was reported through the 
TiAl^ , layer. It is felt that 'this theory, which was substant­
iated by experimental studies, may well have application in the 
welds under discussion, especially in the light of frequent high 
fusion zone interfacial stress and spontaneous cracking.
In conclusion of kinetic considerations, it should be said 
that whilst an overall equation for rate of reaction could be 
deduced, it is unlikely to have any real meaning. The conditions 
are not rigid enough to apply an expression such as the Eyring 
Rate Reaction theory would give, and the much simpler Arrhenius 
equation may suffice. Even so, in most of the systems studied
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there is no simple activation energy for the reaction since 
different phases may "be formed* But the activation energy term 
could "be replaced by en overall term, such as “'solution energy",
i©e# R « IC*e^U/RT^
where K = Solution rate constant 
U = Solution energy*
This would only give an indication of the overall rate from 
external measurement, and would he inadequate in consequence©
This would mean that only a complete kinetic analysis of a part­
icular system would reveal quantitatively the rate-determining 
step and a total kinetic picture of the whole section©
Surface Properties of the Fusion Zone Alloys*
It may he recalled that in previous Chapters, surface tension 
and wetting properties of the liquid fusion zone alloys were 
commented upon in relation to their possible interference with 
the joining process* Obviously, if a liquid metal does not wet
the surface of a solid metal and thus does not come into intimate
contact with it, a virtually insuperable reaction barrier has 
developed* Of course, the conditions bringing about perfect 
wetting do not necessarily also lead to reaction between the
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components, but they nearly always do to some degree. In the 
present work, all the systems discussed form alloys or a range 
of alloys and have done so as a result of a dissolution process 
requiring one metal to become fluid and dissolve the other. But 
before it can do this, the liquid metal must come into contact 
with the solid metal effectively enough to allow interaction and 
solution or compound formation. The "efficiency” with which 
contact is made, all other things being equal, will depend initial­
ly upon the surface tension of the liquid pure metal, and sub­
sequently upon the surface behaviour of the alloy in contact 
with the solid metal.
Ignoring for the moment the influence of oxide films, 
generally the high fluidity and low contact angle of the fusion 
zone alloy with the dissolving parent plate has led to efficient 
wetting and pronounced underside encroachment in the welds stud­
ied. However, in one or two cases, notably the Niobium-Nickel 
system, it has been obvious that considerable interference with 
the melting process, and subsequent weld formation, has arisen.
In non-interacting systems, relatively simple classical 
physical chemical principles may be used to explain observed 
effects* But in freely interacting systems, several complications
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may occur, such as oxide layers, intermetallio compounds, and
"pasty" solid solution layers. All these considerably modify the
situation, especially with respect to surface tension, or more
8properly the surface free energy.
Probably the most important parameter which should be con­
sidered is temperature. This greatly affects fluidity, thus 
enabling more intimate contact with the solid, since this property 
is usually increased with increase in temperature. Also, the 
surface free energy of a metal changes with increase in temperature, 
when it is normally decreased. Alloy formation may raise or lower 
surface free energy which itself will be affected by temperature.
9For instance, the addition of Tin to Lead was found by Bircumshaw 
to give an alloy of higher surface free energy than for pure Lead. 
Addition of Lead to Tin would give a decrease. But increase in 
temperature still gave a decrease of surface free energy whatever 
the composition of the alloy.
It is felt that this principle has a definite application 
in connection with the present welded systems, and may well ex­
plain the rapid and complete alloy formation in many cases. The 
exceptions, of course, represent instances where contact angles 
of a high value prevent efficient contact, and in the Nicbium—
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Nickel system, the process is not assisted "by apparent viscosity 
increases*
It remains to discuss the part played /by oxide films in the 
process of wetting* In non-reactive metals, oxide films have to
he removed "before bonding is possible* This is to allow intimate
liquid to solid metal contact with which the film interferes to 
the extent of preventing diffusion band formation. The contact 
angle of the liquid metal with respect to the oxide is probably 
about 90°in these cases, but with respect to metal approaches zero 
These effects depend upon the relative surface and interfacial 
tensions (Y) since they are related to contact angle by the 
equation
Y t j 85 Y-, / + Y., . . , *Cosasolid 1/s liquid
where cr is the equilibrium angle of contact (modified in dynamic
systems, as are the surface energies*)*
However, in reactive metal systems, quite commonly the 
metals have a high solubility for each others oxides, and thus, 
far from interference with the process, the films may actually 
assist wetting greatly with consequent increased and more rapid 
spreading, and more efficient contact between liquid and solid*
• o
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The behaviour of the liquid alloy in the early stages of the 
weld formation, when it passes down between the plate-edges to 
wet the underside of the dissolving metal is probably an example 
of capillarity. It is not proposed to .discuss these principles 
here, but it should be stated that the surface tension of the
liquid plays an important part in this function* Only fluid flow
8
theory adequately explains the motion of the liquid column, and 
is extremely complicated, but since this column is present, it is 
felt that it is responsible ,for the efficient encroachment to the 
underside of the metal being dissolved by rapidly transporting 
early fusion zone alloy to that position* As the process pro­
gresses and the column disappears, this aspect is no longer of 
such importance.
Solidification Phenomena.
It has been reported"^ that growth substructures have been 
found in mild steel and stainless steel weld pools after melting 
and rapid solidification* It has been observed: that these struct­
ures had a strong resemblance to some occurring in the welded 
specimens of the present work, and in most cases conditions would 
be close to those required to produce the phenomenon*
The formation of substructures in systems with a positive
309
temperature, gradient results fa?oca the "building up of solute 
concentration in the liquid ahead of the solid-liquid interface, an 
effect previously observed and commented upon with respect to 
castings cooling in similar conditions'^. The name given to this 
effect is "constitutional supercoolingo"
Stainless steels show a greater degree of constitutional 
supercooling "because they are more highly alloyed than mild steels* 
In fact they show remarkable similarity to the structure observed 
in the Nickel-Vanadium welds of Chapter XIII, and in particular 
Fig* 13*6* It is felt that, in the light of this evidence,, 
the possibilty of constitutional supercooling and growth sub­
structures occurring in most of the systems studied cannot be 
overlooked, and could affect structure explanations to a degree* 
However, in the absence of deliberate quantitative data, it is 
not proposed to comment further than to observe that the phenom­
enon is quite likely to have occurred.
The Influence of Plate Thickness on Tongue Formation*
It was outside the scope of this project to investigate the 
effects of greater thicknesses of parent metal plate on the form-* 
ation of the dissolution contour. Only the Zirconium-Vanadium 
welds were conducted on sheet other than l/l6u in thickness, and
3 10
the result was found to be that the process reached a greater 
degree of completion, since the thickness was only 0.032 in. The 
inference is that in thin sheet, where less mass is involved, 
melting and solution rates will be more rapid due to the avail­
ability of more energy per unit volume. Also, the rate of heat 
abstraction should be less because of the thinner section, so that 
the thermal equilibrium state should be achieved at an earlier 
stage than with thicker plate. The effects are partly offset by 
the necessity for using a decreased current, but even so this is 
probably used more.efficiently*
For plate thicker than l/l6 in., in general higher currents 
would be required* The time taken to produce the fusion zone 
would be increased, and the degree of completion of dissolution 
would be less for a given time* The effect on the position of the 
dissolution front with respect to the top and underside of the 
plate is not easy to appreciate, but as plate thickness increased, 
the tongue would probably occur progressively more towards the 
underside, relative to the total plate thickness, i*e,, away from 
the top*
Future Investigations*
Apart from the effect of plate thickness on the joining
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process, there are many other aspects which merit investigation. 
Having established the metallographic aspects of the work, attent­
ion should be given to other systems, and to further fundamental 
considerations of some of the more important systems discussed here*
Some work on the systems Niobium-Stainless steel, Vanadium-
12 13
Stainless steel , and Nimonic 90-Molybdenum has been conducted*
Also limited investigations on the mechanical properties of
14
Niobium—Vanadium yields have been carried out which revealed
some interesting results. All this work requires extending* In 
addition, it is considered that detailed kinetic studies of the 
more important systems such as Niobium-Nickel and Niobium-Vanadium 
could give valuable information on diffusion processes under these 
welding conditions* Much of the work would require a series of 
alloy standards, particularly for X-ray and spectrographic anal­
ysis, but with the versatility of the welding apparatus put to 
full use, this would not be an insuperable problem*
finally, direct measurement of plate temperature using the 
method outlined in Appendix II, could be usefully developed to 
determine gradients and isothermals under the various conditions 
of welding and plate thickness*
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It is obvious from the above that a vast quantity of work 
is involved, without including corrosion testing, oxidation ex­
periments, and compatability tests.
General Conclusions,
The principal conclusions which may be drawn from the find­
ings of the present work are summarised as follows*
1, The manner of formation of the fusion zone in the joining 
of two dissimilar rare metals of the group studied was found to 
be by dissolution of the higher melting point metal in a pool of 
fused lower melting point metal,
2, The mechanism by which dissolution was achieved was found to 
depend to some extent on the properties thermal conductivity, 
density, and so on; i,e,, those other than melting point. This 
particularly affected the starting process of the solution mech­
anism, such that in some cases it was possible to melt the higher 
melting point metal first, where the heat abstraction tendency 
was high. This aspect was especially effective where the melting 
points of the two materials were relatively close,
3, The physical process entailed the consumption of the dis­
solving metal in a manner which led to the formation of a tongue­
shaped interface between that metal and the fusion zone, reminiscent
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of a specimen dipped into a solvent*
4. tfhe resultant alloy composition was found to depend largely 
upon the characteristics apparent in the "binary phase equilibrium 
diagram, modified with respect to cooling rate, and also upon the 
energy available for formation, i.e., the temperature of the pool* 
5* The fusion zone did not necessarily contain a spectrum of 
alloys corresponding to those to be found in the binary phase 
diagram for the system. In systems forming a continuous series 
of solid solutions and narrow "pasty" ranges between liquidus and 
solidus, the fusion zone consisted primarily of one alloy. But 
in more complicated systems in which compounds might be formed, 
the process of "levelling11 the composition of the fusion zone 
was impaired,
6, The fusion zone composition therefore attempted to reach 
and maintain an equilibrium value. The rate of attainment, and 
the ultimate value, were governed by the extent of interference 
with the diffusion of solute atoms, and by the formation of stable 
compounds.
7* The mechanical properties of the welds were dictated by the 
fusion zone composition. This often led to either extremely 
brittle joints, as in the case of Nickel-Vanadium, or ductile ones 
as in the case of Tantalum-Niobium welds. The range of couples 
in between was generally biased towards brittleness at room temp­
erature.
3 14
8# Kinetically, it was considered that the »ate of alloy formation 
could only he expressed in general terms at the present time# This 
might he adequate in simpler systems, hut in more complicated sys­
tems a detailed study would he necessary. The expression
r -
was considered to apply as an overall guide to the rate of form­
ation of the material of the fusion zone#
The present work was an attempt to provide substantial ground­
ing information on the particular field of dissimilar rare metal 
welding involving certain definite phenomena# If this has heen 
achieved, the way is clear for a more complete understanding of the 
behaviour and potential of these metals as materials for use in 
critical conditions#
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APPENDIX I.
METHODS OF ESTIMATING FUSION ZONE COMPOSITIONS 
AND HEAT ABSTRACTION TENDENCIES.
A. Fusion Zone Compositions.
In order to be able to place the fusion zone composition 
within a definite region of the constitutional diagram for each 
couple, it was necessary to carry out analysis. Two methods were 
adopted - wet chemical methods first, followed by a graphical 
method, which was used extensively once its accuracy had been 
established.
Chemical Methods^
Four couples were analysed by wet chemical methods: (a)
Copper-Nickel, (b) Nickel-Vanadium, (c) Niobium-Vanadium, and 
(d) Zirconium-Vanadium.
(a) Copper-Nickel.
Copper was estimated by the iodide-thiosulphate method. 
Appropriate specimens of weld fusion zone were prepared, together
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with a pure Copper foil standard. These were dissolved in nitric 
acid, boiled, Cooled, and neutralised with sodium carbonate, 
after addition of 0.5 gm. urea. The precipitate developed was 
redissolved in acetic acid, and sodium fluoride added (to suppress 
any Fe present.). After cooling, a few grams of potassium 
iodide were added to the solution, which was titrated against 
sodium thiosulphate using starch as indicator*
(b) Nickel-Vanadium.
Nickel was estimated by the gravimetric dimethylglyoxime 
method. The samples were carefully weighed, and dissolved in 
HC1. When dissolution was complete, nitric acid was added and the 
solution boiled until nitrous oxide fumes ceased to be formed.
The solution was cooled and tartaric acid added, and the excess 
neutralised with ammonium hydroxide. Nickel was precipitated 
from alkaline solution by the addition of dimethyIglyoxime, and 
the complex filtered, ashed and weighed as NiO.
.(c) and (d) Zirconium-Vanadium and Niobium-Vanadium.
Vanadium was estimated in each case using the same method: 
volumetric internal induction. After dissolution of the samples 
in dilute sulphuric acid and hydrofluoric acid, the boiling 
solution was oxidised with nitric acid and ammonium persulphate.
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The solution, after cooling* was treated with potassium per­
manganate, sodium nitrite, and urea, and the pentavalent Vanadium 
titrated with divalent iron solution (ferrous ammonium sulphate) 
using Sodium diphenylamine sulphonate as indicator* A pure 
Vanadium standard was run in conjunction with the weld samples*
These results are shown in Table Al.l* Each figure is the 
mean of three samples, and the value is shown in weight per cent*
TABLE A1cl.
System Element Istimated Wt. fo
Cu/Ki Copper 61.3
Ni/V Nickel 52 .0
Zr/V Vanadium 47.5
Nb/V Vanadium 41.7
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Graphical Method*
This method was based on the measurement of the quantities 
of each of the original components of the couple used to form 
the fusion zone* These volumes, of course, were related to the 
areas of the cross-section of the base metals used in any given 
transverse section of the weld. Hence, by tracing the contours 
of the weld, and knowing the exact original dimensions of the 
component plates, it was possible to measure the weight of each 
material fused, by multiplying its area by its density* Pig A i d  
shows a typical cross-section Y/ith the outline of the original 
contours superimposed*
The areas ’A* and !B* were measured by dividing them up 
with a grid of small squares of 2 m*m* side, and counting the 
squares covering the respective areas*
The results of this method applied to the four systems 
estimated chemically are shown in Table A1.2. It can be seen 
that there is good agreement between the results of the two 
methods*
It will be noticed that the results in Table Al*2 tend to 
be slightly higher than those obtained by chemical analysis,
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but allowing for difficulty of sampling and slight graphical 
errors, the differences are small, and have little effect upon 
the ultimate place of the alloy in the constitutional diagram.
TABLE Al.2
System Element Wt. fo calculated Difference in 
Methods, $
Cu/Ni Copper 65.3 4.0
Ni/V Nickel 55.2 3.2
Zr/V Vanadium 47.5 NIL
Nb/V Vanadium 44.0 2.3
_ _ ____ _ ______
Table A1.3 shows the analysis results in full for all the 
systems studied, in the order of presentation in the present work. 
Where applicable, the percentages are averages of the results of 
the two analytical methods, and weight per cent results have been 
converted to atomic per cent for convenience when consulting 
constitutional diagrams. ......
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TABLE A1.3.
System
. .-.I..
M. Pt.
difference
°C
Estimation
Method
Element
Estimated
Wt.# At.#
Nb/V 560
Chemical
&
Graphical
Vanadium 43.0 29.3
Nb/Ta 536 Graphical Niobium 56.5 4 0 .0
Nb/Mo 150 Graphical Molybdenum 43.0 43.7
Cu/Ni 370 Chemical&
Graphical
Copper 63.3 64.5
Zr/V 48
Chemical
&
Graphical
Vanadium 47.5 36 .6
V/Ni 447
Chemical
&
Graphical
Nickel 53.3 57.1
Mo/Ni 1157 Graphical Nickel 59.5 47.4
Nb/Ni 1007 Graphical Nickel 6 9 .8
i
59.5 |
...  . .-..i
323
B> Heat Abstraction Tendencies.
Lobs bf heat energy due to the thermal properties of a 
metal is directly proportional to the thermal conductivity, and 
inversely proportional to the density and specific heat.
The heat energy lost at a given point, say at the interface 
between the fusion zone and the heat affected zone, may be re­
lated arbitrarily to a change in heat energy AE, such that
AE <*r —  
op
where k = thermal conductivity 
or a specific heat 
p =5 density.
i.e. AE a f(k/cp)
It should be appreciated that the temperature dependence 
of these parameters cannot be taken into account when substituting 
values available. Also, losses by surface emission are ignored,
so that the values of AE quoted are arbitrary and are only in­
tended to act as a guide to the thermal pattern set up under the
Influence of the arc.
3 2 4
In relation to a given system of dissimilar metals, the 
function may "be expressed as ,a ratio to indicate relative heat 
abstraction tendencies* For example, for the system Niobium- 
Vanadiums-
0.225 
0.102
i.e. the tendency for Niobium to abstract or transport heat will 
be 2.2 times greater than for Vanadium, and the principal ab-. 
straction direction will be through the Niobium.
Working on this basis, a table of heat abstraction tend­
encies is given for the systems investigated, in the order of 
presentation (Table Al.4). The ratios take into account all 
thermal parameters except radiation losses, and not just thermal 
conductivity by itself. For this reason the comparative column 
of thermal conductivity ratios is also given. ~
AE_ *= ^ Nb Nb ---
aNbpNb
a e v  = ky
tfyPv
0.125 
8.57 x 0.065
0.074 
6.1 x 0.119
AE.Nb 0.225 _
AEy 0.102 2.2
TABLE A1.4
System ae1/ae2 Ratio Th. Conds,
BTd/V 2,2 1.7
3Tb/ Ta 0,98 0.96
Fb/Mo 0.447 0.32
Cu/Fi 4.85 4.28
Zr/V 1.01 0 .61
Fi/V 2.30 3.0
Mo/Fi - 2.15 1.55
Fb/Fi 0.96 0.57
__________________ —
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APPENDIX II.
THE MEASUREMENT OF TEMPERATURE IN THE 
VICINITY OF THE WELD.
It has been indicated elsewhere in the text that the 
temperature at the dissolution interface is believed to be below 
that of the base metal melting point. Therefore it was felt that 
if the interface temperature could be established, much support 
would be given to the concept of dissolution front development.
Ideally, the establishment of the movement of temperature 
contours during the welding of typical test-pieces would yield 
most information. Since temperature gradients would be expected 
to be sharp, this would necessitate a large number of thermo­
couples, arranged in a grid formation, the out-puts from which 
could be continuously recorded.
The measurement of weld-pool temperature, would be extremely 
difficult and almost impossible if thermocouples were used\ 
since the molten refractory metals dissolve all the materials
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from which the thermocouples are made. This meant that the 
interface temperature had td be £ound by plotting a transverse 
temperature gradient in the specimen as the arc passed, and ex­
trapolating for the interface temperature. For example, in 
Fig, A2.1, if a series of four thermocouples were sited at four 
colinear points across the specimen at known distances apart and 
from the fusion zone interface, a continuous record of their out­
puts would show maximum temperatures achieved at those points 
as the arc passed. This would give a maximum-temperature gradient 
across the specimen as welding was carried out. # Interest was 
only in maximum temperatures here because it was the maximum 
temperature of the interface that was obviously required, to show 
that it never rose above the base metal melting point.
Due to thermal lag, the thermocouple farthest away from the 
molten zone would reach maximum temperature at some time after 
the nearest one, and thus after the arc had passed across the 
transverse section ’AA* which acted as the datum for the exper­
iment. However, though this would be true, it was held that the 
deficiency could be ignored, since (a) the distances involved 
were very short, and (b) the temperatures were all high, so that 
a gradient taken on the transverse section ’AA*, whilst an ap­
proximation, would be nonetheless a close one, and at temperatures
3 2 9
Al Thermocouple sites 3m*m« 
apart along *AA'.
1 ¥
3 IJ
iccCccrc^ p
^  Direction^ 
of Welding
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86 1210420
Distance along *AA' (m.m.)
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under consideration, fully admissable, because it v/as not 
necessary to find the temperature of the interface with great 
accuracy, hut merely to establish the order in which it lay*
Plotting the maximum readings of temperature in each case 
against position would give a graph of a form shown in Pig. A2.2. 
The intercept at the fusion zone boundary (shown by the dashed 
line) would give the interfacial temperature*
The practical difficulties entailed in the setting up of 
a complete grid of thermocouples and continuously recording their 
changes were insuperable within the design of the apparatus as 
it stood, and simpler devices were sought. Several other tech­
nical problems presented themselves. Firstly, the recorder had 
to be of the continuous type and not of the intermittant variety. 
A multi-channel intermittant recorder is too slow for transient 
phenomena of this kind, though sufficiently sensitive, because 
events happen at a rate such that the maximum temperature on a 
thermocouple may be missed whilst the others are being recorded. 
Thus a multi-channel continuous recorder was required, and a 
2-channel pen-trace recorder was available. Unfortunately, 
since each thermocouple requires one recorder pen, only a 4- 
channel recorder would suffice* This deficiency was overcome
3 3 1
♦
24v D.C
Motor driven 
Contactor.
Intermittent Switch 
wiring system*
Recorder
Input
T.C.2 T.C.3 T.C.4T.C.l
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by using one pen on the two-channel machine and a switching 
device which enabled all four thermocouple outputs to be fed 
to the one pen-coil in rapid rotation so that a relatively high 
speed discontinuous trace of all temperatures was plotted. This 
was possible because of the rapid rise-time characteristic of 
the recorder (0,01 sec, to full scale deflection), A schematic 
diagram of the switching system is shown in Pig, A2.3.
Secondly, owing to the relatively poor sensitivity of this 
type of recorder when dealing with only a few millivolts, it was 
necessary to use a D.C, pre-amplifier as well as an amplifier in 
the circuit. This made the recorder extremely sensitive, to an 
extent at which it would easily recorder the out-puts of the 
thermocouples, but would also pick up thermal noise from the 
switching device. By using the shift and balance controls, it 
was thought possible to back-off the pen to compensate for 
thermal noise, but this did not prove effective. The use of 
relays for switching did give a fairly constant noise level, 
but interpretation of the results was difficult, due to the 
decay of the noise trace, which was not complete when the switch 
changed to another circuit,.
Thirdly, short-circuits in the thermocouple lines caused
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much trouble. On some occasions the arc voltage (12.,5 volts) - 
appeared- across the pen which generally threw it off its mountings. 
Since the welding apparatus was not designed for temperature 
measurement experiments, it was difficult to insulate the thermo­
couple leads effectively to prevent them shorting.
Fourthly, standardisation of the pen trace was carried out 
using accurate potentiometer out-puts. Unfortunately, these did 
not take into account shorting tendencies and contact deficiencies, 
with the result that the measurements were unreliable in practice.
The difficulties described above led to the abandonment of 
recording the temperatures continuously. In their place was 
substituted an accurate direct reading galvanometer with which 
it was hoped to make seperate measurements from the thermocouples. 
This technique required several seperate runs to be carried out 
under similar conditions, since only about two thermocouple 
readings could be taken with each run, and these had to be some 
way apart along the weld. However, once again serious short- 
circuiting occured and this method was finally dropped.
There are many improvements and refinements which could 
be carried out to the recorder method, provided sufficient time
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was made available# It was felt that heavier switch-gear with 
positive switching action would decrease noise* This could be 
applied if a four-channel recorder was not available# It was 
considered inadvisable to spend more time on development for the 
present work, but the method could provide an interesting and 
possibly useful line of enquiry for future work,
A further difficulty which led to more unreliability was 
the method of thermocouple attachment* In order to obtain the 
most accurate results, as close a contact as possible between 
the thermocouple bead and the specimen was required, especially 
as rapid changes were expected#. To prevent the radiant heat from 
the arc influencing the thermocouple out-put, the thermocouples 
had to be applied to the underside of the specimens. This meant 
that they had to be conducted along slots cut into the back of 
the copper backing plates, then vertically upwards through the 
plate to fit into a small hole drilled for a short distance 
into the specimen# Thus, due to variable contact efficiency, 
results were far from reproduceable* Insulation under these 
circumstances was obviously difficult, and its continual break­
down, together with the poor results led to the experiment being 
dropped. It is felt, nevertheless, that with more development, 
and suitable thermocouple insulation, with the thermocouples
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themselves possibly welded to the specimen, consistent results 
would be produced.
The results of five experiments are shown tabulated below. 
Position numbers refer to those shown in Pig. A2.1.
Run No. Thermocouple
Position
Max. mV 
reading (Galv]
Temp • 
equiv, °C
1 1 7.2 710
2 6.1 600
2 3 7.3 720
3 1 fused -
2 9.7 -
4 2 11.9 -
5 2 9.° -
Runs 1 and 2 were carried out at 60 amps, and 3>4 and 5 
at 70 amps, and both at standard traverse rate (l.5n/min.).
These results serve to show how unreliable were the read­
ings, a fact which made the construction of a gradient for the 
specimen impossible.
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